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FOREWORD 
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Langley  Research  Center of the  National  Aeronautics  and  Space Adminis- 
tration,  Hampton,  Virginia.  The NASA project  manager  was J. W. Cawthorn. 
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generators and  assembled  the  nitrogen flow systems. 

Discussions  with Dr. C. T. Molloy  on acoustical  measurements 
were  interesting  and  helpful. 

The  acoustic  measurements in the  reverberation  chamber  and in 
the  jet  noise  experiments  were  made  and  the  data  reduced by 

J. P. Ortega  and P. Gonzales 
of Western Electro-Acoustic-Laboratory, Incorporated 
17 11 Sixteenth  Street,  Santa  Monica,  California 





An experimental  investigation has been  made of the  sound  absorbing 
properties of liquid  base  foams  and of their  ability  to  reduce  jet  noise. 
An analytical  study  was  also  conducted of the  sound  absorption  mechanisms 
in  foam,  based on  the  foam's  measured  acoustic  properties. 

The  investigation  included  measurements of absorption  coefficients 
with  plane  waves  and  in  diffuse  sound  fields.  Liquid  foams  showed  excellent 
sound  absorption  qualities,  especially  in  the  high  audible  range of f re -  
quencies;  absorption  coefficients  up  to 0. 9 were  measured.  The  intrinsic 
acoustic  properties of foams, e. g. , the  characteristic  impedance and the 
propagation  constant,  were  also  measured.  The  attenuation  constants 
were on  the order  of 118 nepers /m (3  nepers/inch). 

A  mechanical  analog of the  behavior of foam  under  the  action of 
plane  sound  pressure  waves  was  developed  and  a  corresponding  electric 
transmission  line  type  network  was  established.  Analysis of the  analogs 
showed  that  a  resonant  response of individual  bubbles  coupled  to  neighbor- 
ing  bubbles by a  damped  spring-like  mechanism  accurately  describes  the 
sound  propagation  and  absorption  mechanism  in  foams. 

The  sound  emitted by a  1-inch  diameter (0. 0254 m) cold  nitrogen 
jet  was  measured  for  a  subsonic (300 m/sec ,  985 f t / s ec )  and  a  supersonic 
(442 m/sec ,  1450 ft/sec)  jet.  Noise  reduction  up  to 10 PNdB was 
measured.  The  principal  results  were: 

0 Foam  injection  reduces  noise  under  all  conditions. 

0 Noise  reduction  is  greater  the  higher  the  noise  level. 

0 The effects  are  most  pronounced  in  the  high  frequencies. 

0 Directivity is affected by the  foam  injection. 

0 Foam  injection  attenuates  high  frequency  sound  in  all  directions; 
in  some  instances low frequency  sound  emission  is  increased in 
the  direction of small  angles  with  the  jet  axis. 

V 
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A STUDY O F  THE USE OF LIQUID  BASE FOAMS 
FOR JET NOISE REDUCTION 

by L. Manson, S. Lieberman and H. L.  Burge 

TRW Systems  Group 

1. INTRODUCTION 

1.1 BACKGROUND 

Increasing  aviation  requirements  in  terms of usage,  larger  aircraft, 
and/or  higher  powered  engines  have  resulted,  in  general,  in  an  increased 
aerodynamic  related  noise  problem,  to  the  point  that  it  has  attracted  con- 
certed  public  attention.  Though  the  problem  has  existed  for  many  years, 
its  complexities  have  made  progress  for  jet  engine  noise  alleviation  rela- 
tively  slow.  Concerted  research  efforts  to  provide a basis  for  engine 
design  have  lagged  actual  engine  development.  During  the  past two decades, 
excellent  progress  has  been  made  in  the  theoretical  understanding of the 
sources of such  noise.  Attempts  to  alleviate  the  problem  have  taken 
essentially  two  major  directions,  mechanical and fluid  dynamic. In the 
mechanical  area  the  use of multiple  nozzles,  spike  nozzles, slit nozzles 
and internal  acoustically  treated  ducts  are  primary  examples.  The  bypass 
fan is a notable  achievement of the  fluid  dynamic  approach  as is the  use of 
secondary  ingestion  to  affect  mixing  shear  layers.  The  fluid  dynamic 
approach  has  indicated  that  machinery  component  design  based  upon 
acoustic  fluid  mechanics  can  be  promising  in  the  reduction of noise  associ- 
ated  with  jet  engines. 

The use of other  means of nearly  passive  techniques  in  alleviating 
jet  engine  noise,  such  as  by  the  injection of water and solid  particles,  has 
been  suggested;  experimental  investigations  have  been  made of water 
injection  into  jet  exhausts.  The  results  have not indicated  sufficient  noise 
reduction  for  the  amount of injectant  required. 

The  use of foamed  liquids  as a means of attenuating  noise  associated 
with  jet  engines  has  apparently  not  been  investigated. In this  concept a 
foamed  liquid is injected  into  the  periphery of the  exhaust  jet  to  envelop  it 
and  provide a means of sound  absorption  as  well as shear  gradient  modera- 
tion.  The  concept may  also  be  considered  for  internal  duct flow wherein 
it is envisioned  to  behave  like a mechanically  treated  acoustic  liner.  The 
use of the  foamed  liquids as. a means of noise  control is  in  the  general 
category of fluid  dynamic  treatment. 

Early in 1968 TRW Systems  began  investigations of the  use of foamed 
liquids  and  foamed  propellants  as  potential  means of cooling  rocket  engines. 
In this  concept a separate  fluid  or one of the  propellants is introduced  onto 
the  rocket  combustion  internal  wall  as a foamed  liquid.  The  foamed  liquid 
is then  allowed  to  be  aerodynamically  shear  dragged  along  the  wall  to  pro- 
vide a continuous  liquid f0a.m surface  coverage.  Superior  insulating 
properties of the  foam  provide  excellent  thermal  protection  to  the  wall. 



Both water and amine  base  foams  were found to  perform  satisfactorily  in 
the  rocket  evaluations  (Reference 1). These  investigations  led  to  means 
of generating  foamed  liquids  with  ultrahigh bulk viscosity, low thermal 
conductivities,  and  controllable  densities. 

Examination of the  combustion  noise  levels  in  the  experimental 
rocket  engines  with arid without  foam on the  wall  revealed  that  the  apparent 
peak-to-peak  pressure  oscillations  were  appreciably  reduced in the  liquid 
foam  tests.  These  observations  led  to  the  formulation of the  hypothesis 
that  foamed  liquid  barriers  should be excellent  acoustic  energy  absorbers 
in  high  sound  fields.  Brief  laboratory  jet  experiments  confirmed  that  this 
hypothesis  was  correct.  The  exact  nature of the  dissipation  mechanism 
was  not  formulated;  however,  it was felt  that  the  foam  bubble  matrix had 
available  in  it  several  potential  dissipating  mechanisms; i. e . ,   gas  pump 
work  in  bubble  dilation,  surface  tension  work  in  dilation,  viscous  dissipa- 
tion,  reradiation of sound  and mass  transfer.   Further,   this  matrix  should 
exhibit  resonance  behavior  and  be  tuneable  through  control of the  bubble 
size  in  the  matrix. 

The reported  effort  provides a summary of detailed  investigations 
of the  use of foamed  liquids  as a potential  fundamental  means of noise 
attenuation.  The  properties of foamed  liquids,  which  may  affect  the 
potential of control of jet  engine  generated  noise,  are  briefly  reviewed; 
a discussion of the TRW Systems  experience  in  generating  applicable 
foams is included. 

1. 2 PROGRAM OBJECTIVES 

No prior w o r k  on the  acoustical  properties of liquid  base  foams  was 
found  in  the literature.  Therefore,  the  first  objective of the  present  pro- 
gram  was  to  determine  experimentally  the  absorption  coefficients of var i -  
ous  foams,  as  measured by classical  methods. 

Secondly, a better  understanding of the  ways  in  which  foams  absorb 
sound was  needed  to  develop  the  concepts  basic  to  an  abatement  technology. 
For  this  effort it was  found  that  classical  sound  absorption  coefficients 
a r e  not sufficient. A more  complete  characterization of foams, e. g. , 
their  characteristic  impedances  and  propagation  constants,  were  needed. 

One of the  most  promising  sound  abatement  applications  is  to  jet 
noise  suppression.  Hence, a ser ies  of experiments  on a small  cold  jet 
were  conducted as \possible  preliminary  work on larger ,  hot  jets.  The 
influence of foam  type  and  injection  geometry, as well  as  that of foam flow 
rate,  were  explored;  insight  to  the  sound  suppression  mechanisms  was 
s ought. 

The  experimental  determination of the  acoustic  properties of foam 
is  described  in  Section 2 of this  report.  Section 3 is devoted  to  the  investi- 
gation of a model  for  the  sound  absorption  mechanisms.  The  jet  noise 
reduction  experiments  are  described  in  Section 4. 
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1.3  PROPERTIES O F  FOAMS 

The  types of foams  considered  in  this  work  are  those  in  which  the 
foam  in a gross   sense  appears   to  be  homogeneous, i. e.,  gas  bubbles  are 
small  and  llsmoothly'l  dispersed  throughout  the  liquid.  As  such,  these 
foams  are  an  aglomeration of gas  bubbles  separated  from  each  other by 
thin  liquid  films  (Reference 2 ) .  The  scientific  aspects of foamed  liquids 
have  been  studied  for  many  vears  and  are  set  forth in several  books  and 
review  articles  (References 2 through 6).  Discussions  pertinent  to  the 
program  are   summarized below. 

1. 3.  1 Foaming  Parameters 

The  structure of foam  and  its  physical  properties  depend on the  mode 
of gas  dispersion  as  well   as on the  following  parameters 

0 Type of foaming  agent 

0 Concentration of foaming  agent 

0 Volumetric  ratio of gas  and  liquid 

0 Gas  constituent 

During  the  past 20 to  30 years,  foam  agent  technology  has  made 
great  strides.  The  predominant  type of foaming  agent  that  has  evolved as 
the  best  is a protein  hydrolysate  made  from, for example, hoof and horn 
meal,  soybeans,  animal  blood,  or  fish  meal  (Reference 7). The  finished 
product,  which  contains  additives  such a s  a bactericide  to  forestall  putre- 
fication,  freezing  point  depressants  for  temperature  as low as  -40"F, or 
metal   salts   to  increase bubble  strength,  becomes a concentrated liquid to 
be  added to  water  at a rate of 3 or 6 percent. An excellent  review of 
storage  life  and  utility of protein  type  foaming  agents  under  various  environ- 
ments  is  given  in  Reference 8. Most  agents  meet  certain  military  speci- 
fications  and in one instance  liquids  were  in good condition  after 15 years  
or  more. 

In the  past  several  years  many new types of foaming  agents  have 
been  developed  and  marketed.  National  Foam  System, Inc. (References 
9 and  10)  perfected a foamed  polymeric  film  produced by agitating a 
solution of water  and a linear low molecular  weight  polymer  with  air 
which is  further  reacted by a catalyst  in  the  presence of air.  The  foam 
was  specifically  developed  to  combat  alcohol and amine  type  fires.  The 
protective  inert  polymeric  film is resistant  to  solvent  attack  whereas  the 
protein  films  are not. The  foaming  agent  is  marketed  in two separate 
containers - a 100 percent  concentrate  and a 3 percent  catalyst. 

Another  industrially  important  foaming  agent  is a synthetic  detergent 
type  which,  when  added to  water,  is  capable of forming a truly high  expan- 
sion  foam of approximately 1000 parts of a i r  by volume  to 1 part of liquid. 
This  represents  an  increase  in  expansion of approximately  two  orders of 
magnitude  over  the  conventional  protein  or  polymeric  formula.  The  above 
three  types of foaming  agents  have  been  used  in  this  investigation. N o  
additional  surface  chemistry  efforts  were  accomplished  in  this  program. 
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The concentration of the  foaming  agent  affects  the  stability  and  heat 
resistance of the  foam if concentrations  less  than  those  specified  in  the 
preceding  paragraphs  are  used. The basic  effect of the  foaming  agent  is 
to  reduce  dramatically  the  surface  tension of the  water  until  the  optimum 
concentration is reached. A rapid  variation of surface  tension  with  sur- 
face  active  agent  concentration is fundamental  to  the  ability of a liquid  to 
foam. 

The  ratio of the  volume of foam  (gas t liquid)  to  the  volume of the 
liquid is  another  fundamental  foam  parameter  and  is  called  the  expansion 
ratio.  Expansion  ratio  can  also  be  expressed  as  foam  density  and  primary 
effects of temperature and pressure  on expansion  ratio  or  foam  density 
can be estimated  from  the  ideal  gas law. Laboratory  studies  (References 
11, 12, 13, and 7) show that  physical  prop,erties  such  as  thermal  conduc- 
tivity,  viscosity,  and  drainage  (stability),  vary  widely  with  expansion  ratio 
as  discussed below. 

1. 3. Z Foam  Density 

The  expansion  ratio  is  defined  as 

The  density of foam  is,  therefore, 

The density  may  decrease  somewhat  at  first  because of the  growth 
of large  bubbles  at  the  expense of smaller  bubbles  (Section 1 .  3 .  7 ) ;  it  will 
eventually  increase  because of bubble  collapse.  Density  as a function of 
expansion  ratio  was  obtained  in  this  study  by  weighing  freshly  generated 
samples of foam. 

An interesting  method  for  measuring  density  was  proposed by 
N. 0. Clark  (Reference 14) who  found that  the  ratio of electrical  resistivity 
of the  foam  to  that of the  liquid  was  linearly  related  to  the  foam/liquid 
density  ratio.  Since  the  electrical  conductivity  measurement  can  be  made 
continuously  near  the  point of foam  production, it should  be  far  superior 
to weighing  foam  samples  to  obtain  foam  density. 

1. 3. 3 Ultimate  Shear  Stress  and  Viscosity 

The  ult imate  shear  stress  (stress  for no  flow  condition), as  well   as 
bubble  size  distribution,  are  determined by the  amount of mechanical  work 
done in  the  foam.  Hence  for a given  expansion  ratio,  bubble  size  governs 
the  ultimate  shear  stress. It i s  not known how bubble  size  affects  vis- 
cosity  or  other  physical  properties of the  foam, but  one  can  conjecture 
that  the  effect  will  be  substantial. 
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The  effect of pressure  (in  other  words,  expansion  ratio  or  foam 
density) on viscosity is shown  in  Figure 1 . 1  as  .taken  from  Grove,  Refer - 
ence 11.  At an expansion  ratio of approximately 6, the  viscosity of the 
foam is approximately 24 times  greater  than  that  for  water.  Grove 
studied only  one foaming  agent  type  and  one  concentration  level. He did 
not report  varying  the  bubble  size  (ultimate  shear  stress)  which  may  be 
a primary  variable.  French  (Reference 1 2 )  does not  explain how he 
measured  ultimate  shear  stress. 

Figure 1 -  1. Effect of P res su re  
on Foam  Viscosity 

Foam  viscosity  was not mea-  
sured  in  the  present  investigation. 

An attempt  was  made  to  mea- 
sure  ult imate  shear  stress by means 
of an  inclined  plane of variable 
inclination  angle on which a slab of 
foam  could  slide. It became  rapidly 
evident  that  such a measurement 
was not useful,  since  fresh  foam 
would not slide  at  first;  it   started  to 
move  easily  after a short  interval of 
time  during  which  some  liquid  drained 
to  the  surface of the  foam in contact 
with  the  plane. At that  time,  the 
motion of the  foam  was  characterized 
by the  liquid  in  the  boundary  layer 
rather  than by any  foam  property. 

1.  3. 4 Insulating  Qualities of Foams 

Foams  are  extensively  used in 

__-__ ~ ~ _ _ -  

fire  fighting  because  they  offer a unique  combination of propertie-s: 

0 Low thermal  conductivity 

0 High resistance  to  destruction by heat  radiation 

0 Ability t o  cling  and  spread 

0 Resilience  towards  mechanical  disturbance 

The  thermal  conductivity of a foam  increases  with  the  expansion 
rat io ,   as  shown in  Table 1-1 taken  from  Reference 15. 

The  resistance of foams  to  destruction by heat  was  measured by 
French  (Reference 1 2 )  and  correlated  by  Thomas  (Reference 1 3 ) .  The 
relative  heat  resistance of foam  was  defined  as  the  measured  ratio of the 
time  for  fixed  radiative  heat flux to  destroy a given  quantity of foam to  
that  calculated  to  vaporize  an  equivalent  quantity of water.  This  ratio 
correlated with the  product of the  expansion  ratio  and  the  shear  strength 
and  was found to  increase  with  that  product  reaching  measured  values of 
1 .  5. The  increase in heat  resistance of foams  can be attributed to an 
increase  in  reflectivity. 
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Table 1- 1. Thermal  Conductivity of Foams 

E X P  K (Btu/hr. F. f t )  

Experimental  Theoretical 
~~ ~~ 

1 (water) 0. 35 " 

7. 5 0. 12 1. 15 

11. 0 0. 113 0. 094 

19. 0 0. 080 0. 046 

00 (a i r )  0. 0156 " 

1. 3. 5 Foam  Resilience 

Another  beneficial  and  unique  property of a foam is its ability to  
cling  and  spread  while  retaining  excellent  thermal  resistance.  The  ability 
of a foam  to  spread  and  cling  is  primarily  caused  by its reduced  external 
surface  tension. 

Adamson  (Reference 16) discusses  the  resilience of foams  noting 
that  the  elasticity of the  surface  film,  defined a s  the  increase  in  surface 
tension  per  fractional  increase of the film area,  gives a measure of the 
ability of a surface  film  to  adjust  its  surface  tension to  an  instant  stress,  
i. e. ,   to  accept a s t ress   increase  without  rupture.  Another  related  cause 
of resilience is the  fact  that, when  a surfactant  (foaming  agent) is present, 
the  instantaneous  surface  tension of a fresh  surface  is   greater  than  the 
equilibrium  value. Any incipient  rupture of film  will be resisted a s  soon 
as  damage  exposes  knterior  material. 

The very  high  apparent  viscosities and surface  tensions of foamed 
liquids  suggests  the  possibility of foam  surface  survival,  even  when 
subjected  to  the  high  shearing  stresses of high  velocity  gas flow. This 
was  observed  in  internal  duct flow in  subsonic,  transonic,  and  supersonic 
flow (References 1, 2, 3).  

1. 3. 6 Foaming  Agents  and  Their  Concentration 

The  foaming  agents  utilized  in  this  investigation  were 

0 Protein  hydrolysate (3 percent  Regular  Protein) 

0 Detergent (High  Expannion Foam) 

0 Polymer  with a catalyst (100 percent Aero-o-Foam and a 
protein  catalyst) 
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The  most  stable  foams  in  the  widest  range of densities  were  obtained  with 
the  protein  foaming  agent.  The High  Expansion  foaming  agent,  which  was 
specifically  developed  to  form  large  bubbles  and  to  produce  very  light 
foams  with  small   pressure  drops in  the  generator,  formed  fairly  stable 
foams  in  our  generator  only  in  the  expansion  ratio  range 11 to  20. A 
modification of the  foam  generator  had  to  be  made  to  obtain  lighter  foams 
and these  contained  some  very  large  bubbles,  making  acoustical  measure- 
ments  difficult.  However,  detergent  foams showed  good  sound  reducing 
capability  in  the  model  jet  noise  reduction  tests. 

The  polymer  foams  drained  too  fast, so  that  acoustical  measure- 
ments  were  difficult.  This  agent  was  not  available  for  the  jet  noise 
reduction  tests. 

The  concentration of the  foaming  agent  affects  the  stability of the 
foam only if the  concentration is low. Clark  (Reference  17)  states  that  at 
low concentrations  expansion is proportional  to  concentration,  while  at 
sufficiently  high  concentrations  expansion  is  proportional  to  the  energy 
level, i. e.,  the  energy  expanded  in  forming  the  foam.  These  observations 
matched  our own experience  which  is  discussed  later. 

1. 3 .  7 Drainage oi Foams 
~" 

The  foam  structure  continuously  changes  from  the  moment  it  is 
formed  by  mixing of the  liquid  solution  and  the  gas  inside a foam  generator 
until  the  liquid  and  the  gas  phases a r e  completely  separated  again  through 
drainage and  bubble  collapse.  There  are  two  types of faam  structure. In 
the  first  the  foam  consists of nearly  spherical  bubbles  separated by rather 
thick  films.  The  other  type,  which  may  develop  from  the  first as  a result 
of drainage  or  may  be  formed  directly  with  low-viscosity  liquids,  consists 
of gas  cells  separated  by  thin  films  or  laminas.  The  cells  are  polyhydral 
in  shape, a s  shown  in the  sketch below taken  from  Reference 16. The  over 
pressure in  each  cell  is  given by Laplace's  equation 

A P  = u ( l / R 1  + 1/R2) 

where u is  the  surface  teasion and R1 and R 2  are  the  radii  of curvature. 
The  Channel A of the  junction of three  or  more  cells   is  known as  the 
Plateau  border.  The  high  curvature  at  the  boundaries of the. Plateau 
border  means  that a considerable  pressure  difference  exists  between  the 
liquid  and  gas  phases.  The  pressure  in  the  gas  cell  must be uniform,  hence 
large  pressure  gradients  must  exist  in  the  liquid  phase.  The  Plateau 
border   is  a region of low pressure so  that  liquid  flows  from  the  thin  plane 
walls  toward  the  curved  Plateau  border  (see  sketch). 0-J y* Thus,  draining  may be main- 

l y  caused b y  gravity in a new foam, 
but capillary  forces soon  become 
important. 

Plateau's  Border 
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A further  change  in  foam  structure  with  time is caused by  bubble 
coalescence  and  gas  migration.  The  pressure  inside small bubbles is 
higher  than  in  large  bubbles,  as  indicated by the  Laplace  equation. Thus, 
there  is a tendency to  rupture  the  walls  separating  bubbles of unequal  size. 
Moreover,  the  thin  liquid  walls a r e  not impermeable  to  gas so that  big 
bubbles  grow  at  the  expense of the  smaller  ones  (Reference 18) even  when 
the  walls  are  strong  enough  to  withstand a pressure  difference.  The  final 
result of drainage is, of course,  bubble  collapse,  resulting  in  foam 
destruction.  The  whole  process  may  take  hours  and  even  days  in a static 
environment. 

In addition, if the  temperature of the  liquid  and  gas  from  which  the 
foam  is  generated  is  not  equal  to  ambient,  the  foam  will  grow  or  shrink 
because of gas  expansion  or  contraction  inside  the  bubbles.  Even  when 
the  foam  is  generated  from  liquid  and  gas  at  ambient  temperatufe,  its 
volume  will  increase  at  first  because  small  bubbles  feed  bigger  ones;  the 
volume  will  then  decrease  when  bubble  walls  are  weakened by drainage 
and  collapse. 

In general,  however,  the  effective  time  constant  for  these  processes 
to  take  place  is  much  larger  than  that  associated  with  flow  phenomenon  in 
a jet  engine;  consequently,  foamed  liquids  can  be of interest  to  the  prob- 
lem of jet  engine  noise  control i f  they  possess  favorable  acoustic  proper- 
ties. 

1. 3. 8 Methods of Producing  Foams 

Methods of producing  foams  may  be  classified  as  chemical  or 
mechanical.  Foams  may  be  produced by the  chemical  reaction of two 
solutions,  one  containing a foaming  agent  to  form a gas  which fills each 
tiny  bubble.  Commercially,  chemical  foam  making  techniques  have  been 
replaced  almost  completely by simpler and cheaper  mechanical  methods 
of making  foam. Gas -liquid proportioning/mixing/agitating may  be 
accomplished by aspiration  or  pumping  as  described  in  Reference 19. 
F r y  and  French,  Reference 20, describe a simple  laboratory  mechanical 
foam  generation  method  which  permits  easy  variation of foam  parameters. 
In this  method, a liquid  and  foaming  agent are  premixed and stored  in a 
suitable  pressure  vessel.  Compressed  air  serves  as a pressurizing  gas 
and as  the  foaming  gas.  Liquid  and  gas  flow  rates  were  indicated by roto- 
meters  and  metered by  needle  valves  and  impinged  in a tee  arranger;   the 
outlet  was  connected  to a union  containing a se r i e s  of screens.  The size 
and  number of screens could  be  varied  to  obtain  any  desired  bubble  size 
and,  hence,  ultimate  shear  stress.  The  bubble  size  was  also  shown  to 
vary  with  liquid  flow  rate  and  ratio of a i r  flow to  liquid flow through  the 
screen  improver.  This  method  was found to be  satisfactory by  a la ter  
investigator  (Reference 7).  The  foam  generator  assembled  at TRW closely 
resembles  the  model  described by French and Fry  (Reference 20) except 
that  mixing of gas  and  liquid  was  done  inside a B-B  bed improver 
while  subsequent  mechanical  energy input to  the  foam  took  place  in  lengths 
of tubing  or  flex  lines. 
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1. 3. 8. 1 Flow  System 

A flow  schematic of the  foam  generator  is shown in  Figure 1 - 2 .  A 
water  solution of the  foaming  agent  is  stored  in  the  central  tank.  That 
tank  is  pressurized  from one of the  nitrogen  bottles  and  the  pressure  is 
controlled by a regulator.  Liquid  flows  from  the  tank  through a filter and 
a rotometer  to  the  improver  where it is  mixed  with  nitrogen flowing from 
the  second  compressed  gas  bottle.  The flow of gas  is  controlled  by a 
pressure  regulator  and  read on a gauge. To vary  foam  density,  the  gas 
flow rate  was  varied by adjusting  the  regulator  at  the  nitrogen  bottle, 
while  the  liquid  flow  rate  was  maintained  constant.  Repeatable  foam  den- 
sities  were  obtained  over a range of gas  flows,  limited  by  the  appearance 
of slug  flow  for  high  gas  flows. 

A small  water  heat  exchanger  was  inserted  into  the  nitrogen  line 
immediately  upstream of the  improver,  in  order  to  insure  equality of 
liquid  and  gas  temperatures  at all times. As noted earlier  foams  tend  to 
grow  or  shrink if  the  two  temperatures  are not equal. 

1. 3. 8. 2 The  Improver 

The  improver  is  essentially a packed bed in  which  gas  and  liquid a r e  
mixed  and  interspersed.  Several  packing  materials  were  investigated, 
i. e . ,   coarse  and  fine  steel wool,  0.175-inch  diameter B - B ' s .  0 .  100- 
inch  diameter B - B ' s ,  and  combinations of B - B ' s  and steel  wool. A l l  
of these  materials  were  held  between  two  metal  screens  in a l- inch  diam- 
eter  A - N  fitting.  The  liquid  and  gas  entered  the  improver  from a small  
plenum  located  above  the  upper  screen,  while  the  foam  left  the  improver 
through a 1/4-inch  fitting and a flex  line. 

The  fine  steel  wool  was  not  as  effective  as  the  other  packing  mate- 
rials;  removal of all  packing  resulted  in a soupy  foam.  There  was  no 

P 
L 

L i q u i d  
Tank 

Foam 
Valve 

Heat 
Exchanger 

Foam Out 

GN2 

Figure 1-2 .  Flow  Schematic of the  Foam  Generator 
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visible  difference  in  the  foam  quality  obtained  with  all of the  other 
packings.  However, a long  line  after  the  improver  was found to  be essen- 
tial  in  the  production of even-textured,  shear-resistant  foams  in a wide 
range of expansion  ratios. 

Similar  results  were found  when the  packed  bed  improver  was 
replaced by a porous  plate  made of sintered  flat  metal  screens  ("Rigi- 
mesh").  Three  such  plates  were  tried: 

0 Tight, low porosity  plate (5 layers  of 50 x 250 mesh 
screens)  

0 High porosity  plate  made  from  fine  wire  screens 

o Wide mesh,  coarse  wire  plate (2  layers of 12 x 6 4  mesh 
screen)  

The plates  were  mounted  in a holder  and  the  liquid was dropped  in a 
shower  into  the  Rigimesh  plate  while  the  gas  was  fed  into a plenum  above 
the  plate. Good foams  were  formed  with  the  lowest  porosity  plate.  The 
two other  plates  let  the  liquid  dribble  through  and  the  foam  was not even 
textured. 

High expansion  foams  (EXP > 20) could not be  obtained  with  the 
detergent  foaming  agent  from  either  the  packed bed  or  the  porous  plate 
improver  as long as  there  was  any  obstruction  to  foam flow  beyond the 
improver.  Expansion  ratios of 50 to  150 were  obtained  in  either  device 
by removing  the  back  plate  from  the  Rigimesh  holder, and by replacing  the 
back  plate and  lower  screen of the  packed  bed  with  loosely  woven  cotton 
cloth.  The  flow rates   per  unit a r ea  of improver  were  very low  and the 
foam  texture  nonhomogeneous. 

1. 4 ACOUSTICAL PROPERTIES O F  FOAMED LIQUIDS 

The  use of foamed  liquids  for  acoustic  energy  absorption  can 
properly  be  placed  in  the  general  category of two-phase  fluid  behavior. 
Two-phase  fluids  have  been  recognized  for some time  to  exhibit  peculiar 
characteristics  with  respect  to  their  apparent  propagation of pressure 
waves.  The  first  investigation of sound speeds  in  two-phase flow was 
reported  by  Mallock  (Reference  21)  for a bubbly water-air  system. 
Through  the  assumption of no mass  t ransfer ,   i sothermal  gas  and  homo- 
geneous  mixing,  Mallock  observed  that  the  mixture  sound  speed  was 
apparently  much  lower  than  that of either  the  air  or  water.  Ackeret 
(Reference 22), Spitzer  (Reference  23),  and  Foldy  (Reference  24)  extended 
these  early  results,  primarily  with  interest  in  the  underwater  problems of 
sound propagation  with  bubbles  present in the  water,  either  induced by 
cavitation  or  introduced by extraneous  noncondensable  gases. In the 1950 
decade  the  phenomenon of two-phase flow received new interest   from 
requirements  brought on by chemical  processes,  high  speed  underwater 
devices,  high  energy  release  boiler  systems,  and  vapor  driver MHD 



cycles.  This  was  followed  in  the 1960 decade  by  intense  research  in 
high  combustion  intensity  systems  with  instability; it was found that  solid 
particles  had  appreciable  attenuation  effects  in  an  oscillating  pressure 
fie Id. 

An excellent  summary of two-phase  flow  liquid  systems is given by 
Gouse  in  Reference 25 .  Perhaps one of the  most  significant  understand- 
ings of the  nature of propagation of  a pressure  wave  in a two-phase  liquid- 
gas  fluid,  including  the  effects of mass transfer,  is that of Karplus  and 
Clinch  (Reference 26). The  earliest  reported  analytical  findings  for  the 
two-phase  flow of gas solids is that of Epstein  (Reference 27). This  work 
was  later  extended  to  fogs  (Reference 28). These  efforts  were  later 
edended  to  a variety of problems,  including  rocket  engine  instability 
control by particulates.  The  work of Temkin  and  Dobbins  (References 29 
and 30) is notable  here.  Lire  (Reference 31) provides  an  excellent  sum- 
mary  of pertinent  references  in  this  area. 

Arnold  and  Slutsky  (Reference 32)  reported on  a sponsored  project 
for  the  attenuation of plane  waves of sound by suspension of the  resonating 
particle. In this  effort  flexible  rods  or  filaments  for  dissipation  of 
acoustic  energy  are  being  considered,  wherein  the  energy  absorption 
occurs  by  providing  deformable  bodies  which  are  capable of taking up a 
number of modes of motion  in a resonant  manner. A complete  summary 
listing of pertinent  reports and papers in this   general   area  are  included 
in  the  Bibliography of this  report. 

1. 4. 1 General  Comments on Pressure  Propagation  in  Two-Phase  Liquid, 
Noncondensable  Gas  System "- -~ "" "_ 

To fully  appreciate  the  concept of sound  attenuation  by  liquid  foams, 
it is necessary  to  understand  the  nature of wave  propagatipn  in a two- 
phase  liquid-gas  system. A number of papers on derivations of sound 
speeds  within  such  mixtures  are  included  in  the  reference  list.  The  fol- 
lowing is a condensation of a number of these  papers  and is an  effort  to 
provide  limits of the  sound  speed a s  a function of mixtu.re  properties. 
The  Karplus  reference is recommended  for  detailed  study  here. 

It is, perhaps,  most  rigorous  to  speak of a propaga,tion  constant  in 
the  two-phase  fluid  rather  than  the sound  speed. It is expected  that  the 
sound  speed  in a thermodynamic  sense  must be associated only  with low 
frequency  in  order  that  equilibrium  can  in  fact  exist. In this  region,  the 
sound  speed  may  then  be  expected  to  be  only a function of the  relative 
masses  of the  two  fluids  in  the  two-phase  mixture. In the  intermediate 
frequency  range  certain  relaxation  phenomenon  may  be  expected and the 
propagation  constant  will probab1.y be a function of frequency  and  size 
distribution of the  local  bubble  matrix. At high  frequencies, it would  not 
be  unexpected  for a given  mass  and  size  distribution  to  have one of the 
phases not respond  to  the  local  passage of a wave  and,  consequently,  the 
propagation  constant  would  only  depend upon the  predominant  phase. 
Furthermore,  in  the  intermediate  range it would  not be  unusual  to  have 
relaxation  phenomenon  take  place  somewhat  analogous  to  relaxation 
phenomenon  in  gases,  wherein  internal  degrees of freedom  become 
involved  in  the  propagation  constant. 
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1. 4. 2 Thermodynamic  Equilibrium 

It is asserted  that  in  the  foamed  liquid  matrix  the  gas  bubble  dilation 
tends  to  be  isothermal  and  the  liquid  water mass high  heat  capacity is 
capable of absorbing  and  giving  up  sound  wave  energy  without  appreciable 
temperature change. Further it is assumed  that mass transfer  associated 
with  equilibrium  pyschometrics  is  negligible,  thus  the mass ratio of gas 
and  liquid  remains  constant.  Finally,  the  gas  bubbles  are  assumed  to  be 
homogeneously  dispersed  and  small  with  respect  to  the  wavelength of a 
regular  disturbance. 

Consider  an  element of such  a  medium  with  particle  velocity  and 
p res su res   a s  shown  below  and a disturbance  passing at velocity C. 

The mass  ratio  is   taken  as 

Ma 'I X -  

Mb 

N o w  

Ma = paVa for  fluid  a 

Mb = paVb for  fluid  b 
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The volume  ratio is 

e =  a 
v i- v. 

- - ya Mb + -  . a  ' .b 

'b 
q-- 

Pa 
d =  

'b 

'a 
77- t 1 

Now, assuming  the  particle  velocities and pressures  ahead of the wave to 
be zero and  those  behind  the  wave  to  be  u1  and  P1,  application of the 
momentum  equation  gives 

(PI - P2) dt = {Op t (1-0) p b ]  u1 dx a (5) 

The displacement, dx, is taken  as 

The  change  in  volumes  behind  and  in  front of the  wave a r e  

dV1 = u1  dt ( 6 )  

where Pa and Pbare  the  bulk  compressibility  coefficients of fluids a and b. 

It is  recognized  that  the  two  volume  changes  must  be  equal. 
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The  bulk  compressibility  coefficients  are  given by 

If the  gaseous  constituent is a  perfect  gas 

The compressibility  coefficient  for  the  gas  is 

For  the  liquid  the  factor is 

1 
P, =- 

PCP2 

which  can  also 'be writ ten  as 

It i s  noted  that  in  the  case of isothermal  propagation  the  f irst   term in  the 
demoninator on the  left of Equation (12) tends  to 8/P a s  Y - 1. 0. 

For  water-air   mixtures  at   ambient  pressure  values of a s  low as  
-22 m/sec (-60 ft /sec)  are  possible.   Figure 1-3 shows  a  sound  speed 
dependence  with  reduced  sound  speeds  from  those of the  individual  con- 
stituents  over a wide  range of mixture  ratios. In the  limits  as e goes  to 
zero  or  unity  the  sound  speeds  approach  those of the  constituents. 
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Figure  1-3.  Speed of Sound Propa- 
gation  in  Two-phase 
Mixture of A i r  and 
Water 

It is noted  that  the  sound 
speed  for a two-phase  mixture of 
liquid  and g a s  is   quite  pressure 
dependent. Of particular  interest 
is  the  fact  that  the  propagated  wave 
cannot  be  maintained,  in  general, 
in  its  original  form; i. e. , the  wave 
must  steepen and distort  or  flatten 
and  distort. An initially  sinusoidal 
wave  will  be  distorted,  because  the 
larger  the  negative AP,  the  slower 
the  wave  phase  velocity.  As  the 
two-phase  system  becomes  essen- 
tially  gas,  the  assumption of iso- 
thermal  propagation  must  be 
modified  to  that of adiabatic  propa- 
gation  in  the  predominant  phase. 

For  intermediate  frequencies 
the  results of Spitzer  (Reference 2 3 )  
are  recommended  for void fractions 
wherein  the  interface  matrix  struc- 
ture is continuous. When the void 
fraction  becomes qu.ite large,  the 
results of Temkins and  Dobbins a r e  
recommended  (Reference 30). 

Silberman's  (Reference 3 3 )  carefully  conducted  experiments  have shown 
that  the  Spitzer  results  qualitatively  give good estimates of the  phase 
velocity and attenuation  constant  for  bubbly  mixtures  containing  larger 
bubbles (>O. 012 inch) and small  concentrations.  From  standing  wave  tube 
experiments  he  demonstrated  bubble  resonance when its  natural  frequency 
was  applied.  Further,  maximum  attenuation  occurs  near  resonance. It 
should  be  expected  that  at  frequencies  far  removed  from  resonance on the 
low side  that  the  bubble  contraction and expansion  displacement  should be 
very  nearly in  phase  with  the  applied  sound  field. Fa r  above  resonance 
the  bubble  displacement  will  lag by nearly 180 degrees, and the  attenuation 
should  be small  in  both  extremes. 

In this  study  two  classical  methods  for  measuring sound absorption 
coefficients  were  used  to  characterize a wide  variety of foams.  The 
standing  wave  tube  measurements  were  used  to  yield  an  absorption  coeffi- 
cient  for  sinusoidal  plane  waves  at  normal  incidence and the  surface 
impedance of the  foam  for  normal  plane  waves.  Reverberation  chamber 
measurements  yielded  an  absorption  coefficient  for  three-dimensional 
pressure  waves of random  incidence.  These  tests  are  described  in 
Section 2 of this  report. 

Neither of these  absorption  coefficients  is  an  intrinsic  property of 
the  foam.  Acoustic  properties of a medium  are  fully  defined when their 
characteristic  acoustic  impedance  and  propagation  constant  are known for 
all frequencies. In theory  standing  wave  tube  measurements  can  yield 
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these  two  properties.  However,  the  accuracy of the  method is not  high, 
especially  when  the  continuously  changing  structure of draining  foams 
limits  the  time  available  to  perform  the  measurements.  Better  accuracy 
could  be  achieved  by  measuring  characteristic  impedance  in  a  standing 
wave  tube  and  the  propagation  constant  in  a  traveling  wave  apparatus. 

1. 5 JET EXHAUST NOISE CHARACTERISTICS AND 
LIQUID FOAM INJECTION 

Sound generation  by  turbulent  jets  has  been  the  object of extensive 
studies  since  the  advent of the  turbojet  engine.  Excellent  review  papers, 
including  extensive  bibliographies,  are  available  in  the  literature  (Refer - 
ences 34  and 35). Only  the  jet  noise  emission  characteristics  which  may 
be of importance  in  understanding  the  effect of foam  injection  will  be 
briefly  reviewed  here. 

The  gas  jet  starts  mixing  with still a i r   a s  soon a s  it leaves  the 
nozzle.  The  mixing  zone  surrounds  the  core of the  jet  and  grows  linearly 
with  axial  distance  until  the  core  disappears  entirely.  The  core  extends 
for  several   nozzle  diameters  from  the  nozzle  and  most of the  sound i s  
generated  in  the  highly  turbulent  mixing  region  surrounding  the  core. 
Several  sound  generation  mechanisms  involving  inertial  forces  associated 
with  fluctuation of momentum f lux  have  been  proposed. A general   agree- 
ment  exists  for  the  overall  sound  emission as expressed by Lighthill's V 8 
power  law j 

P - p V. D /Co a 2  2 
O J  

which  holds  from  subsonic  to  supersonic  jet  speeds, Vj, up to  about  twice 
the  ambient  speed of sound, Co. 

It has  been  shown  (Reference  34)  that sound emission  for  subsonic 
jets  is  independent  from  axial  distance  in  the  mixing  region  and  drops off 
with  the  seventh  power of distance  in  the  developed  jet  region. 

Nagamatsu  and  Sheer  (Reference 36) have  shown  that  for  supersonic 
je ts  sound emission  grows  linearly  with  axial  distance  in  the  mixing  region 
until  the  supersonic  core  tip is reached. Beyond that  point  the  sound 
emission  drops off like  that of subsonic  jets.  The  supersonic  core, i. e. ,  
region  in  which  velocities  equal  to  the  velocity  at  nozzle  exit  still  exist, 
is shorter  than  the  supersonic  core  region;  thus  sound  emission  in  super- 
sonic  jets  peaks  beyond  the  mixing  region  as  defined  in  subsonic  jet  work. 

Convection of eddies  causes  a  crowding of sound  waves  in  the  down- 
stream  direction  resulting  in a sound  amplification  in  the  ratio of C-4 
where 
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where Mc is the  convection  speed-to-sound  velocity  ratio, 8 is the  polar 
angle  centered on jet axis, and CY varies  inversely  as  the  lifetime of an 
eddy. Convection  also  causes  a  Doppler  shift of frequency  in  the  ratio of 
C -  l, thus  explaining  the  differences  in  polar  distribution  for  high  and low 
frequency sound  found  by Lassiter and  Hubbard  (Reference 37, Figure 10). 

Because of the  directivity of sound emission,  noise  reduction  can  be 
achieved  by  use of multiple  nozzles  or  corrugated  nozzles, but  only at  the 
expense of thrust  reduction. In ground  applications,  direct  removal of 
kinetic  energy is also  possible.  The  largest  advance  in  jet  noise  reduction 
was  achieved  by  the  introduction of the  fan  jet  engine  in  which  the  mean 
jet  velocity is lowered by the  addition of a  large  volume of slower  bypass 
air.  Unfortunately  the  fan  engine  itself  is  a  powerful  source of sound. 

Removal of sound  energy  at  the  source is the  principle  used  in  jet 
noise  suppression  through  foam  injection. Sound energy is dissipated by 
resonance of the  foam  structure  in  the  ingested  foam  particles.  There 
are  indications  in  the  recently  obtained  data  that  some  favorable  change 
in  the  turbulence  characteristics of the  jet  mixing  region  is  also  taking 
place. 
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2. DETERMINATION O F  ACOUSTICAL PROPERTIES 
O F  FOAIKED LIQUIDS 

Both  the  standing  wave  and  reverberation  room  methods  were  used 
in  the  fundamental  investigations of the acoustical  properties of foamed 
liquids.  These  methods  and  their  results  are  discussed below, followed 
by  a  presentation of a  tentative  model of the  sound  absorption  mechanisms. 

2.1  STANDING WAVE TUBE  MEASUREMENTS 

2. 1. 1  Method  and ADDaratus 

The  standing  wave  method  for  the  determination of the  absorption 
coefficient is conceptually  simple  and  well known. A  loudspeaker  at  one 
end of a  tube  emits  a  sinusoidal wave of the  desired  frequency.  The sound 
wave is then  partly  reflected  at  the  surface of the  sample  located  at the 
opposite end of the  tube.  The  resultant of the  incident  wave of amplitude 1 
and  the reflected  wave ob amplitude r is  a  standing  wave  pattern  with  alter- 
nate sound maxima  (1 t r )  and  minima ( I  - r). The  reflection  coefficient r 
follows  directly  from  the  ratio, n, of the  sound  pressure  maxima  and 
minima 

The  absorption  coefficient Q is by 
incident  energy 

f f = l -  

defini 

2 
rI 

.tion  the  ratio of absorbed  to 

The  refl.ection  coefficient, r, is  a  complex  nunlber and its  phase 
angle, A, with respect  to  the  incident  wave  can be determined by measur- 
ing the  distance  from  the  surface of the  sample to the f i r s t  and  second 
minima, y1 and y2. These  minima  are  one-half  wavelength  apart 

The  surface  impedance Z1 of the  sample  can  be  calculated  from the  above 
measurements.  The  surface  impedance  is  the  ratio of pressure  to parti-  
cle  velocity on the  surface of the  sample 

Pi + Pr 
z1  v. + v  

- - 
1 r  
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where  pi and p r   a r e  the  incident  and  reflected  pressures;  vi and  vr a r e  the 
corresponding  particle  velocities.  The  relations  for  the  incident and 
reflected  pressures  to  the  particle  velocities  are  pi = p o C  vi  and pr 
= - poCvr,  where p C is the  impedance of air. The  ratio of the  reflected 
pressure  to the  inci2ent  pressure is the  reflection  coefficient 

r = l r l e  j A  

The  real  and  imaginary  parts of the  surface  impedance  can be 
obtained f rom !rl and A by use of Smith' s charts,  or  calculafed  directly 
on a  computer  as  was done  in  this  study. 

The  sound  field  inside  the  tube is explored  by a moveable  probe 
microphone  traveling on a t rack equipped  with  a  scale  on  which  the  dis- 
tance  between  probe  entrance  and  the  sample  surface  can  be  read. An 
electronic  analyzer  permitted  the  direct  reading of the  absorption  coeffi- 
cient, CY, though  the  reflection  coefficient, r, was the  basically  measured 
value. 

A standard  Briiel  and  Kjaer  standing  wave  tube  apparatus  Model 4002 
with  a  type 2107 frequency  analyzer  was  used  in  most  tests. A few foam 
distruction  tests  were  made with  the more  powerful 4002s model. 

The  standing  wave  tube  was  mounted  vertically  in  order  to  obtain  a 
stable  foam  surface,  perpendicular  to  the  axis of the  tube,  as  shown in 
Figure 2-  1. A block  diagram of the  associated  equipment  is shown  in 
Figure 2-2. The  high  intensity  apparatus is shown  in  Figure 2-3. 

The  sine  wave  generator  was  used to select  test  frequencies.  The 
amplitude  was  adjusted  to  10  watts  rms  at  the  standing  wave  tube  speaker. 
A 1 0-cm  diameter  tube  was  used  with  frequencies below 1600 Hz, and a 
3-cm  diameter  tube  for  frequencies  between 1600 and 6400 Hz. The  nar- 
row  band  analyzer (1 / 3  octave)  was  used  to  measure  the  coefficient of 
absorption. 

P r io r  to  conducting  the  standing  wave  tube  experiments on foams, a 
test  was  conducted  in  the  empty  tubes  to  determine  the  sound  level to 
which  the  foam  would  be  subjected. A calibrated  condenser  microphone 
was  placed at the  sample  plane  in  the  tube.  The  drive  power  was  adjusted 
to  10  watts  rms  and  the  sound  level  was  measured  in  decibels  for  all  test 
frequencies.  The sound level  variation  with  frequency  was on the  order 
of f12 percent.  Because  the  time  consumed  in  normalizing  the  sonic 
intensity  was  long  enough  to  allow  excessive  foam  aging, it was  decided 
merely to  hold  the  drive  power  constant.  This in no  way affects  the  acous- 
tic  properties  being  measured.  The  sound  level  seen by the  foam  was  in 
the 60 to 80 db range - low  enough  to minimize  direct  foam  destruction by 
the  sound  waves. 
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Figure 2-1 .  Standing Wave Tube  Apparatus  and  Associated  Equipment 
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Figure 2-2. Block  Diagram of Standing Wave Tube 
Apparatus  and  Associated  Equipment 

Figure 2 - 3 .  High Intensity  Standing Wave 
Tube  Apparatus 
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An oscilloscope  was  used to check  the  integrity of the  standing  wave, 
i. e., observe  resonances  in  the  apparatus.  This was particularly  impor- 
tant  when  the  high-intensity  apparatus  (Figure 2-3) was  used.  Sound  levels 
were  limited  by  wave  distortion  to  about  120 db, depending  on  frequency. 

2.1.2 Test  Procedures,  Results, and Accuracy 

Approximately 50 tests  were  made  as shown  in  Table 2 -  1. Most of 
the  tests  were  made  for  a  foam  sample of 1 -inch  depth.  Some  typical r e -  
sults  are shown  in  Figures 2-4  through 2-14. Three  concentration  levels 
were  selected for the High Expansion  and  the  hydrolized  Protein  foaming 
agents;  the  expansion  ratio (i. e.,  foam  density)  varied  from  about 12 to 
the  highest  attainable  value, Low expansion  ratio  foams  (below 11 or 12) 
drained too rapidly  to  permit  measurement. 

Very  light  foams  could  only  be  obtained  with  high  foaming  agent  con- 
centrations.  The  amount of gas  that  could be incorporated  into  the  liquid 
without  alternate  slugs of gas and foam  leaving  the  foam  line  increased 
with  concentration  and  pressure  drop  in  the  foam  line (i. e.,  length of line 
and pressure  at the  improver). 

For  the High  Expansion  foaming  agent a very  light  foam (EXP-100) 
could  also  be  obtained  without  any  foam  pressure  drop  at  very low flow 
rates;  the  bee-bee  bed of the  improver  was  covered  with a cloth  instead 
connecting it to  a  line.  These  foams  were not,  however,  reproducible 
enough for  acoustic  experiments. 

A test  consisted of measurements of a, yl ,  and y2 at five  frequen- 
cies  in  the  large  diameter, low frequency  tpbe,  followed  by  measurements 
at  seven  frequencies in the  small  diameter,  high  frequency tube. Mea- 
surements  made OR a  given  foam  sample  took 6 to 8 minutes,  and a freshly 
generated  foam  sample  was  needed  for  each  frequency  range. 

Foams  produced  from  the  polymer  foaming  agent  with  a  catalyzer 
(Aerofoam 100 plus 3 percent of 3% Regular  Protein)  drained too rapidly 
even  when a  high  concentration of foaming  agent  was  used. Only  one foam 
of this  type (#300) was  tested.  The  general  aspects of the  abqorption  co- 
efficient  and  surface  impedance  graphs  were  similar for both Protein  and 
High Expansion  foams. 

Several  factors limit the  accuracy of the  test   results.  High preci-  
sion  measurements  are  needed  to  obtain  accurate  surface  impedance 
values. In order  to  obtain a 2 percent  accuracy on the  resistive  and  the 
reactive  parts of the  surface  impedance R. A. Scott  (Reference 3 8 )  mea- 
sured  the  location of pressure  minima to 0. l millimeter  precision.  Such 
precision  is   hard to  match on the  Bruel  and  Kjaer  instrument  in  which  the 
scale  is  graduated  in  centimeters  and  the  microphone  carriage  carries  a 
millimeter  scale  but has no vernier. An attempt  at   greater  accuracy 
would result  in  a  lengthening of the  time  needed  for a reading  and  hence 
would increase the  influence of foam aging. An indication of the  foam 
aging  influence  was  obtained  by  repeating a measurement,  usually at 
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Table 2-1. Characterist ics of Foams  Tested by the 
Standing  Wave Tube Method 

_ _ _ _  ~ " __. . - -. . I 
Percent   Percent  
Foaming  EXP Run Foaming  EXP  Run 

Agent Nominal No. Agent  Nominal No. 

370 Regular  Protein  Foaming Agent 

3 
3 

3 

3 

3 

6 

6 

6 
6 
6 
6 
6 
6 
6 

10 

10 

10 

10 

10 

20 

15 134 
22  135 

28  136 

39  137 
53  141 

17 132 

23 13i  

32 
43 
46 
37 
38 
38 
38 
16 

22 

33 

130 
129 
3024 
303 
3 045 
3055 
3065 
121 

120 

122 

40 140 

81  119 

78  138 

Styrofoam 

Flat  142  

Grooved  143 

High Expansion  Foaming  Agent 

3 

3 

3 

3 

3 

4 

4 

4 

4 1/2 

4 1/2 

4 1/2 

4 1/2 

4 1/2 

1 1  106 
13 107 
15 105 

17 

68/118 

79/46 
15 

22 

12 

18 

26 

26 

47 

1 04 

108 

l 0 l 2  
1 022 

1 032 

115 

117 

118 

145 

139 
6 13  110 

6 20  113 

6 31  114 

6 44 112 

6 44 /57 109 

Aero-O-Foam  100 + Catalyst 
Foaming  Agent 

__ . - - - - - - . . . - 

50  40 3 oo4 
50 30 3oi3 

1. EXP = Expansion  Ratio = Liquid-to-foam  density  ratio 

2. Preliminary  test,  included  aging 

3. High intensity  apparatus  used  at low  db 

4. High intensity  apparatus  used  at  95 db 

5. Three  sample  depth  measurements 
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Figure 2-4. Absorption Coefficients, Standing Wave Tube Run 110 

1 .o 

.8 
I- 
L 

u 
W 

Y 
Y 
W 
0 

r 

F-( 

c.l 

* .6 

. 2  

200 400 

\ 

RUN X113 

6% High  Expansion 
Foaming  Agent 

Exp. 0 = 21.4,  a= 19.0 

X = Aged Foam 

1000 2000 4000 6000 

FREQUENCY, HZ 

Figure 2-5.  Absorption Coefficients, Standing Wave Tube  Run 1 1 3  
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Figure 2-6. Absorption  Coefficients,  Standing Wave  Tube Run I. 11 

Figure 2-7. Absorption  Coefficients,  Standing Wave Tube Run 114 

" 
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Figure 2-8. Absorption Coefficients, Standing  Wave  Tube Run 109  
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Figure 2-9.  Absorption Coefficients, Standing  Wave  Tube Run 120 
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Figure 2-9.  Absorption Coefficients, Standing  Wave  Tube Run 120 
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Figure 2-1 1. Absorption  Coefficients,  Standing Wave Tube Run 11 9 
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Figure 2-13. Aging of Foams, Run 301 
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Figure  2-14. Aging of Foams, R-un 302 

1066 Hz, after a 3 -minute  interval. An appreciable  change  in  the 
absorption  coefficient,  usually  an  increase,  can be seen on most  graphs. 
Figures  2-13  and  2-14  (runs  #301  and 302)  show three  ser ies  of consecu- 
tively  measured  absorption  coefficients;  generally  speaking,  the  absorp- 
tion  coefficient  increases  as  the  foam  ages (i. e.,  the  bubble  size  increases). 

Despite  the  limited  accuracy of the  standing  wave  tube  tests, a 
fairly  successful  attempt  was  made to  obtain  the  characteristic  impedance 
and  the  propagation  constant of a foam.  These  properties  are  needed  for 
modeling of sound  absorption  in  foams. 

In spite of the  encountered  difficulties  discussed  above,  the  results 
in  general  are  quite  favorable.  Absorption  was  demonstrated  and  the 
higher  frequencies  exhibited  higher  absorption  as  expected.  Also of 
interest  is  the  fact  that  apparent  resonance  phenomena  were  observed. 

2.1.3  Acoustic  Impedance  and  Propagation  Constant 

2. 1 .  3. 1 Definition  and  Analytical  Methods 

" " . . ... .. -. . " . _. " 

____ 
The  fundamental  acoustic  properties  needed  to  build a mathematical 

model of the  resonance  dissipating  phenomena  in  foamed  liquids  are  the 
propagation  constant (y)  and  the  foam  characteristic  impedance (Zo.). Both 
Z and y are  related  to  the  real  and  imaginary  parts of the  mechanical 
0 
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analogue of the  responding  foam. In order  to  obtain  data  for a model of 
the  response of foam to sound  waves,  the  standing  wave  tube  approach  was 
used  to  obtain  an  absorption  coefficient, CY, and a surface  impedance, zl '  

The  normal  plane  wave  absorption  coefficient (CY)  measures  the  frac- 
tion of energy  in  the  incident  normal  plane  pressure  wave  which  is  not 
reflected off the  test  sample  surface, i. e.,  the  ratio of the  energy  that 
passes  into  the  material  to  the  normally  incident  energy 

The  normal  specific  impedance  ratio  (relative  to  free  air) ( Z l / p o C )  . 
observing  the  test  sample  at  the  air/test  sample  interface, i. e . ,   a t  the 
free  surface of the.sample,  provides  phase  shift  data. In general,  this 
parameter  has both  magnitude  and  phase  and is dependent  on  the  boundary 
conditions  imposed  on  the  test  sample 

The  propagation  constant is in  general  a  complex  number (y = T' 

t j p ) .  The rea l   par t  of the  propagation  constant ( C Y ' )  corresponds  to  the 
attenuation  constant of the  material  and  it  determines  the  decay  in  the 
pressure  wave  amplitude  per unit length of traversed  distance.  Thus, it 
is   a  measure of the  true  internal  energy  dissipation  characteristics of the 
acoustic  material.  The  complex  part of the  propagation  constant (p ) ,  
called  the  phase  constant,  determines  the  change  in  phase  per  unit  length 
for  a  given  wavelength, i. e., p = 2n/A, where A = wavelength.  Since  the 
acoustic  velocity of a  plane  wave  can  be  expressed as 

C = hf  

where f = frequency = w / 2 r  then 

P="- 21Tf w 
c - c  

(3 is  directly  related to the  acoustic  velocity of the  medium  through  which 
the  plane  wave is  traveling. In general, C can  vary  with  frequency, crest- 
ing dispersion  effects  in  the  medium  through  which  the  plane  wave  is  travel- 
ing, resulting in definite  cut-off  frequencies. 

The  characteristic  impedance ( Z , )  of the  test  sample  material  is 
the  impedance  for  a  free  plane  wave  traveling  in  the unbounded test  medium. 
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f ree  plane  wave 

where 

p = sound pressure  amplitude 

v = particle  velocity  at  any  position  in  the  infinitely  long  medium, 
i. e.,  in  direction of wave  motion 

It  is  noted  that for a low attenuation  acoustic  medium  the  charac- 
teristic  impedance  is  a  real  number.  For  instance,  in  air Zair = 
However, in general, Zo will  be  a  complex  number, i. e.,  have both mag- 
nitude  and  phase, Both the  propagation  constant  and  the  characteristic 
impedance of a  given  medium  completely  define  the  acoustic  reflection, 
attenuation,  transmission,  resonance,  etc.,  characteristics  for  a  given 
set  of imposed  boundary  conditions. 

In the  standing  wave  tube  configuration  illustrated  below  the  test 
sample  "sees"  essentially  free  air  on one face  and  an  essentially  rigid 
wall  on  the  other  face. 

A c D U S t i C  
Drlver C a v i t y  

From  transmission  theory  i t   can be  shown  that  the  impedance, Z1, 
measured  at  station (1) on a  test  sample,  with  characteristic  impedance 
Zo looking  into  an  impedance Z2 (as shown  below)  can  be  expressed  as 

Test Sample 

Z2 + Zo tanh yL 
'1 - ' 0  z + z2 tanh y~ 

- 
0 

where L = length of sample 
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For  the  standing  wave  tube Z2 = OD (rigid  wall)  and  thus 

Z 
0 

z1 - tanh yL 
- 

Thus it is seen  that  the  specific  impedance  ratio  measured  in  the  standing 
wave  tube  is  actually 

and  not  the  basic  material  property Zo/(poC)air, because of the  imposed 
rigid  end  condition  at  station (2). 

The  propagation  constant y can be determined,  in  principle, by 
applying  this  result to measurements of the  specific  impedance  ratio  for 
two different  sample  thicknesses  with 

L1 = length of first sample 

L2 = length of second  sample 

Thus 

, tanh  yL, 

In general,  the  measured  left  side of this  result is a complex  number  with 
rea l  and  imaginary  parts.  Thus, two equations  can  be  obtained  with two 
unknowns, a' and 6, which  can  be  solved  for by t r ia l  and error  since  the 
resulting  expressions  are  nonlinear.  Once a' and /? a r e  found for a  given 
frequency,  then  Z0/(pQC),ir  can  be  found  from  either  equation (19) or ( 2 0 ) .  
The  resonant  frequencies of the  material  can  then  be  determined by inspec- 
tion of (Y and of the  phase  versus  frequency  characteristics of ZI/(poC),ir 
since  large  amplitude  changes  and  phase  shifts  will  occur  at  internal  reso- 
nant  frequencies of the  sample. 
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2. 1. 3.  2 Experimental . ~~ Determination ~ . .. of the .. ~ Characteristic  Impedance 
~ " 

The  accuracy of measurements  necessary  to  obtain  reasonably  ac- 
curate  values  for Zo and y by means of the  two-thickness  method is quite 
high.  The  two-thickness  method  for  the  determi.nation of Zo and y has a 
serious  drawback  because it requires a high accuracy in the  determina- 
tion of the  surface  impedances Z1 for  the  two  sample  depths. Good ac-  
curacy is hard  to  achieve  (References 38 and ' 3 9 ) ,  especially  with  foams. 
Moreover,  the  errors on Z l  may be amplified when Zo is calculated. The 
e r r o r  e o  on Zo can be evaluated  from  the  experimental  errors c l ,  and € 2  
on the  measurements of Z 1  for a depth L and  depth 2 L  of the  absorbing 
mater ia l :  

f 
0 ~ tanh2yL t 1 

z -  
o (2yL)(tanhyL)(l - tanh y L )  

2 '1, 2L 

It was  found  that  the  experimental  errors 
nified  in  the  calculation of the  characteristic  impe  ance. and 3 a r e  often  greatly  mag- 

A better  approach would  be to  measure the characteristic  impedance 
in a standing  wave  tube  with a very  deep  foam  sample ( Z l  -. Z o  when 
y L  - m )  and to  measure  the  propagation  constant in a traveling wave tube, 
as  was  done by Scott on rock wool (Reference 40) .  

Since TRW did  not possess a progressive  wave  apparatus,  two- 
thickness  measurements  were  made and  the error  amplification  factor 
was  evaluated.  For  frequencies at which  the  foams  are  highly  absorbing, 
a foam  depth of 2. 75 inches  (deepest  sample  holder of the B & K 
apparatus)  may  be  sufficient  to  obtain Zo directly ( Z  - Zo when L -. a). 
To  obtain y a second  measurement  with a much  smalier  foam  depth was  
needed.  Experimental  errors,  combined  with  the  above  discussed 
analytical  error  amplification,  definitely limit the  accuracy of Z o  and y 
thus  obtained. 

Most of the  standing  wave  tube  measurements  described in Sec- 
tion 2. 1.2  were  made  for a foam  depth of 1 inch (0. 0254 m). To  obtain 
the  characteristic  impedance  and  propagation  constant of stable  light 
foam (670 Protein  foaming  agent  concentration  EXP = 38) a preliminary 
run (#303, Figure  2-15)  was  made  with a 1 -inch  deep  foam  sample. Only 
the  absorption  coefficient, (Y, was  measured  and a peak  near 2200 Hz was 
found . 

This  was  followed  by  three tests (#304 a, b and  c)  made at 1600, 
2133 and 2666 Hz  with  samples of varying  depths 1,  2, and 2. 75 inches. 
The  absorption  coefficient  curves  are  shown  in  Figure  2- 16. The  data 
of test #304  were  reduced  to  yield  the  nine  values of surface  impedance 
and  the  three  values of characteristic  impedance at each  frequency 
obta.ined by  using  two  pairs of sample  depths  for  each  calculation. It 
was  found  that  the  experiments at 1600  Hz were  in   error   and  that   the  
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Figure 2-16. Absorption  Coefficients for Three  Depths of Foam, Run 304 
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depths of 2.0 and  2.75  inches  were  too  close  to  each  other  to  yield  usable 
values of Zo  and y at  al l   three  frequencies.  The resul ts   for  2133 and 
2666 Hz a r e  shown in  Table 2-2. Measurements on foam  samples  similar 
to  those of t e s t s  #303 and  #304 were  made  several  weeks  later  using  foam 
depths of 1, 2, 3, 4 and 5 inches  for  frequencies  ranging  from 1975 to 
2860  Hz (tests  #305  and  #306).  During  these  measurements, it became 
very  clear  that  aging of the  foam  during  the  test  had a large  influence  on 
the  calculated  values  for Zo and y, and  that  aging  was  very  pronounced  in 
the  f irst  few  minutes of foam  life.  The  calculated  values  for Zo and y 
for  test  #305  are  also  shown  in  Table 2 -2  while  Figure  2-17  shows  the 
data  obtained  in tests #305  and  #306. 

The error  amplification  factor  (Reference 40) on  the  propagation 
constant  was  calculated for 2133  and 2666 Hz for the L = 1 inch  and 
L = 2 inch  depth  combination  for  test #304. An error  amplification by 
a factor of five  was found for 2133 Hz, while a t  2666 Hz the  error   was 
reduced by  a factor of four  relative  to  experimental   errors.   Several  
assumptions  had  to  be  made,  such  as  equality of e r r o r s  on al l   measure-  
ments (i. e. ,   equal for both  depths and equal  for  resistive and reactive 
components).  This  attempt  at  error  calculation  focuses  our  attention on 
the  nonlinear  response of calculated  propagation  constant  values to 
experimental  errors.  Examination of data  in #305  showed that  experi- 
ments  at  2133  Hz were  in  error  and  were  therefore  discarded.  The 
e r ro r   may  be attributed t o  the  possible  inadvertent  use of a foam  sample 
that  was not identical  (or  close)  to  the  other  samples. In #304 a single 
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Figure 2-17.  Absorption  Coefficients  for Four Depths of Foam, 
Runs 305 and 306 
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Table 2-2. Experimental  Values of Characteristic  Impedance and Propagation  Constant of Foam 

Z Y 
0 (nep/inch) C 

f = 2133  Hz 

2 0.775 2.477 t j0 .833 

1 0.895 1.  906 - j0 .272 

2.75  0.705 3 .316  t j0.431 

3  04 2 .6  t j0.  54 0. 7 t j1 .2  284 m/sec 

3 04 3.1  t j 0 .59  0. 6 t j l .  3 263 m/sec 

f = 2339  Hz 

1 0.725 2.356 t j l .   3 1 8  

Q) 5 0.675 3. 114 t j1.235 
W 3 05 3 .1  + j l .  31 1.05  t j1.8  206 m/ sec 

f = 2666 Hz 

2 0.755 2.835 t j0 .56  

1 0.60 2.  782 t j2 .06 

2. 75 0. 67 3.661 t j0 .365 

3  04 3.2 t j0.  56 0. 7 -t j2 .4  178 m/sec 

3 04 3 . 5  t j0 .36 0 .65  t j 2 .3  183 m/sec 

f = 2729 Hz 

1 0.53  4 .85  t j l .  543 

5 0.70 3.39 t j0.265 
305  3 .4  t j0 .32  0 .75 t j2 .9   150 m /sec 



sample  was  used  for  three  frequencies  at  each  foam  depth. In #306 a 
fresh  sample  was  taken  for  each  frequency.  Thus,  the  foam  structure 
may  have  been  different  for one of the  samples. 

Variation of y and ZO with  frequency  was  expected,  but  the  cumula- 
tive  errors  incurred  through  the  aging of foam  and  through  the  use of the 
two-thickness  method do not permit  conclusions on frequency  dependence 
to  be  drawn  from  these  tests.  The  frequencies  for  which  measurements 
in  test  #305  were  chosen  coincide  with  predicted  resonance  for  depths of 
3 ,  4 and 5 inches.  The  predictions  were  based  on  an  analysis  discussed 
in  Section 3 .  The  calculations  were  based  on  values of Zo and y obtained 
in  #304; it was  assumed  that  these  same  values  could  be  applied  to  other 
frequencies. 

A final  test, #306, showed  that  resonances  did  occur  close  to  the 
predicted  frequencies.  This  test is discussed  in  Section 3 .  

2.1.3.3  Resonance of Foam  Samples  in a Standing Wave Tube 
~ " ~ . ..~ ..." - . 

The  standing  wave  tube measurements of the  surface  impedance of 
foam  samples  confirm  the  contention  that  sound  absorption  in  foams  is 
characterized by resonance  phenomena. 

The  surface  impedance, Z1, of a foam  sample of depth L i s  a func- 
tion of the  characteristic  impedance Zo and of the  propagation  constant y 
(see  Section 2. 1. 3 .  2):  

Z 1  = Zo/tanh y L  (23 1 

Let 

z O  
= Ro + 

and 

tanh yL = tanh(cu' t j p )  r t j T  

so  that 

tanh CY' L(  1 t tan p L )  
1 + (tanh CY' L tan  pL)2 

2 
0- = -__ 

(1 - tanh CY' L) tan pL 
1 + (tanh CY' L tan  L)2 

2 
T =  
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The  magnitude lZll and  phase  angle qZ of the  surface  impedance  are 
1 

x u -  
R o U  - x T 

0 ROT = a rc   t an  
0 

At resonance L = nX/4 and PL = nn/2 ( n  = 1,  3 ,  5) since (3 = 2 r / X  
and  tan p L  - 00 

u -  1 
tanh a' L 

and 

Hence 

X - arc   t an-  0 

RO 

provided u # 0. Thus  the  phase  angle of Zl is equal  to  phase  angle of 
Zo f nr,  and  (Z1(  becomes  maximum when T - 0. 
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The  absorption  coefficient ~r also  goes  through a maximum at 
resonance  since 

a = I - Irl 2 

and 

r is minimum  when Z = is  maximum. 1 

For  the  case of no-loss  media (Ro = 0 and u = 0), the  surface 
impedance i s 

T h e  phase  angle of Z1 tends  to  zero and its magnitude  tends  to  at 
resonance.  The  experimentally  determined  characteristic  impedances 
were  predominantly  resistive  (see  Table  2-2), Xo/R varying  between 
0. 1 and 0. 2; thus  the  phase  angle of Z1 at resonance  will  be small - l ess  
than 12 degrees.  This  phase  angle  increases  continuously  with  frequency 
and is determined  only  by its tangent (i. e. ,   l ies  in  the  fourth  or fir st 
quadrant).  Therefore, a change of sign of Qzl from  negative to  positive 
indicates  the  approach  to a resonant  frequency. 

0 

Three of the  experimentally  determined  curves of CY and $ z 1  a r e  
shown  in  Figures 2 - 18, 2 - 19, and 2 -20.  The  data  obtained  did  not  include 
a sufficient  number of points  to  permit  correct  detailed  curves of cr and 
Ozl to  be  drawn.  Often a peak  in CY was  not  detected  where a change  in 
the  sign of @z had  occurred  because of the  sparseness of data  points. 
The  curves  in  Figures 2 - 18, 2 - 19 and  2-20  combine  data  points  and 
analytical  considerations  and  serve  to  illustrate  phenomena.  More 
refined  experimental  techniques  are  needed  to  conduct a quantitative 
investigation. 

1 

2.  1. 4 Foam  Destruction by  Sound Waves 
" . - . - _____ 

The  use of high  intensity  acoustic  waves  to  destroy  foams  has  often 
been  proposed.  Foam  destruction  has  been  attributed  to  resonance 
phenomena  in  the  audible  frequency  range  (Reference 34)  and  to  radiation 
pressure  forces  in  the  high  frequency  range  and  for  very  high  intensit ies 
(above  150 db, Reference  35).  Foam  buildup  control  by  this  means  was 
not  found practical  for  industrial  applications. 
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Figure 2-18. Absorption  Coefficient  and  Phase  Angle of the  Surface 
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- 

.w 

i I 

R U N  X112 
High  Expansion 
.oaming  Agent 

d 6% C o n c e n t r a t i o n  EXP = 44 

FREQUENCY, HZ 

Figure 2-19. Absorption  Coefficient  and  Phase Angle of the  Surface 
Impedance of a Foam, Run 112 
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Figure 2-20 .  Absorption  Coefficient  and  Phase  Angle of the  Surface 
Impedance of a Foam, Run 1 19 

The  high  energy  standing  wave  tube  was  used  to  observe  foam 
destruction  in  tests 301  and  302. These  tests began by three  ser ies  of 
absorption  coefficient  measurements  to  observe  foam  aging  (Figures 2 - 1 3  
and  2-14)  and  took  about 10 minutes.  The  sample  was  then  removed, 
inspected,  and  photographed.  The  foam  depth  had  not  visibly  changed  in 
that  time.  The  sample  was  then  replaced  in  the  tube  and  was  subjected  to 
a 5 minute  exposure at 1600 Hz, 95 db  sound  waves.  After  that  time  both 
foams  had  been  nearly  completely  destroyed.  However  the  Aer-o-Foam 
100 + Catalyst  foam of #301 also  showed  considerable  drainage  in  the 
large  control  sample (2. 1 liters)  not  exposed  to  sound  waves.  The  total 
volume  had  not  changed  during  the  period  when  the  destruction test was 
made,  but  about 45 cc of liquid  had  drained so that the  remaining  foam 
had  an  expansion  ratio of more  than 80. The  control  sample of the 
protein  foam  not  exposed  to  sound  had  not  drained  appreciably  in  the  time 
when  sound  waves  destroyed  the 1 -inch  deep  sample.  The life of a foam, 
even a stable  foam, i s  considerably  shortened  by  exposure  to  sound  waves 
Foam  destruction tests were  not  pursued  any  farther  since  the  projected 
application  for  foams  in  jet  noise  reduction  does  not  demand  that  foams 
survive  for  more  than a fraction of a second. 

2. 1. 5 Summary  Test  Result  .Observations 

Several  observations  may  be  made  from  an  examination of the 
absorption  coefficient  graphs. 
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0 Generally  high  absorption  coefficients (up t o  0. 9) have  been 
measured  in  the  1  to 6 . 3  kHz range. In the 0.4 to  1 kHz 
range  the  values  are  usually  below 0.5. Comparison  was 
made  with a Styrofoam  sample  (Figure  2-21).  Its  absorption 
coefficient is below 0. 1  in  the  low  frequency  range,  averages 
about 0.2 in  the  higher  frequencies,  and  reaches  0.48 at 
6. 3 kHz. 

0 Absorption  coefficients  generally  increase  with  frequency  but 
most of the  graphs  show  several  definite  peaks  at  certain 
frequencies  (Figures  2-4  through  2-12). 

0 No general  trend  or  change of cy with  the  foaming  agent  con- 
centration (i. e . ,  the surface  tension on the  gas  -liquid  inter - 
face)  could  be  found.  Somewhat  higher  absorption  for  low 
concentration  foams  may  be  attributable  to  faster  draining. 

0 Light  foams  have  higher  absorption  coefficients  than  heavier 
foams  (Figures  2-4  through  2-8),  but  the  change is by  no 
means  uniform  or  monotonic  (Figures 2 -9  through 2 - 11 ). 

Foam  density  (or EXP) is not  sufficient  to  determine  the  absorption 
coefficient. To i l lustrate  this point  the  absorption  coefficients of two 
foams of nearly  equal  density  are shown in  Figure  2-12.  The role of 
bubble  size  and  physical  properties of foams is examined  in  Section 3 of 
this  report. 
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Figure 2 -2 1. Absorption  Coefficient of Styrofoam 

42 



2 . 2  REVERBERATION CHAMBER ABSORPTION COEFFICIENTS 

2.  2. 1  Method, Test  Facility,  and  Instrumentation - 

Absorption  coefficients  for  completely  diffuse  wave  motion  obtained 
in  highly  reverberant  rooms  are  widely  used by architectural  acousticians 
to  characterize  the sound absorbing  properties of s t ructural   mater ia ls .  

Reverberation  chamber  tests  were  conducted  in  the  Western  Electric 
Acoustic  Laboratory's  reverberation  chamber.  The  reverberation  cham- 
ber  used  for  these  measurements  has  dimensions of 28 x 17 x 12 feet  and 
a volume of 5800 ft3. Walls,  ceilings'and  doors  are of concrete  construc- 
tion,  with  nominal  surface  weight of 50 lbs/ft2.  The  interior  surfaces of 
the  chamber  have  been  specifically  treated  with  an  epoxy  coating  and  the 
average  value of wall  acoustical  absorption  coefficients  over  the  125 Hz 
to 4 kHz frequency  range  vary  from  0.01  to 0. 02. Foam  test  specimens 
were  placed  in a  wooden  pan (treated  to  reduce  water  leakage)  with 
dimensions 8 feet by 9 feet x 1.  5 inches  deep.  The  container  was  left  in 
place  during  recording of empty  chamber  decays. 

The  instrumentation  used  for  the  measurements  is shown in 
Figure 2-22. The  wideband electrical  noise  source,  power  amplifier  and 
loudspeaker  are  used  to  produce a wideband (80 Hz to  10 kHz)  acoustical 
white  noise  in  the  reverberation  chamber.  Typical  test  signal  overall 
level  was 100 db  sound  pressure  level (db r e  0.0002 dyne/cm2).  The 
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shorting  switch  allows  instantaneous  interruption of the  signal  to  the 
loudspeaker  which is located in one of the  t r ihedral   corners  of the 
chamber . 

The  acoustical  signal  in  the  chamber is transduced  to  an  electrical  
signal  by  the  condenser  microphone  which is located in a t r ihedral   corner  
of the  chamber.  This  signal is then  amplified  and  recorded on chart  
paper  via  the  1/3  octave  analyzer  shown  in  Figure 2 -22. The  switch  box 
shown  in  the  diagram  allows  monitoring of the  signal  amplitude  and  wave- 
form by the  vacuum  tube  voltmeter  and  oscilloscope  at  three  locations  in 
the  circuit. 

A typical  measurement  consists of recording on the  level  recorder 
chart  paper  the  decaying  sound  in  the  chamber,  in  1/3  octave  bands.  Five 
to  seven  decays  were  recorded  in  the 125, 250 and 500 Hz 1/3  octave  bands 
and  four  decays  were  recorded  for  the 1000, 2000, 4000 and 6300 Hz 
1/3  octave  bands.  The  average of the  several  decays  was  used  to  obtain 
the  reverberation  time  in  each 1/3  octave  band.  The  above  measurement 
procedure  was  performed  with  the  reverberation  chamber  empty  and  with 
the  test  specimen  located  in  the  chamber  floor.  Comparison of the two 
reverberation  t imes  at   each of the  1/3  octave  bands  allows a determina- 
tion of the  average  random  incidence  absorption  coefficient  for  the  test 
specimen. 

The  basic  relationship  used  to  obtain  the  random  incidence  acoustical 
absorption  coefficient is the  Sabine  reverberation  formlila  given by 
(Reference  42) 

K V  T = -  crS t 4m V 

where 

T = reverberation  time,  seconds 

K = 0. 049 a constant  for  small  changes  in  temperature 

V = volume of the  reverberation  chamber,  cubic  feet 

S = surface  area of the  chamber  interior,  square  feet 

m = energy  attenuation  coefficient, f t - l  

z = average  random  incidence  acoustical  absorption  coefficient 

The &S t e r m  is the  total  acoustical  absorption  in  the  chamber  caused 
by surface  absorption,  while  the 4mV term  accounts  for  acoustical   absorp- 
tion  in  air.  Using  the  above  equation  and  subscripts  "c"  and " s "  to  
designate  the  empty  chamber  and  chamber  with  test  specimen,  respectively, 
the  relationship  for  the  average  absorption  coefficient is given by 
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where 

Ss = surface  area of test  specimen 

Sc = surface  area of reverberation  chamber 

m = energy  attenuation  constant  during  empty  chamber 
C measurement 

m = energy  attenuation  constant  during  measurements  with 
S test  specimen  in  the  chamber 

The  derivation.of  the  preceding  equation  assumes  that  the  ambient 
temperature,  and  therefore  velocity of sound in the  chamber  during  the 
empty  and  occupied  chamber  runs,  does  not  change  appreciably.  This 
was  the  case  during  all   the  measurements.   The  f irst   term  in  the  equation 
is the  one  normally  used  for  this  type of measurement.  The (Sc - Ss)/Sc 
term  accounts  for  the  fact   that   a  small   portion of the  chamber  surface 
a rea  is  covered by the  test  specimen.  The  second  and  third  terms  in  the 
equation  account  for  the  absorption of sound  in  air.  The  third  term is 
required  since  in  general  the  empty  chamber  and  occupied  chamber  data 
could  not  always  be  made  under  identical  humidity  conditions.  However, 
generally, this t e rm  was  found  to  be  very  small. The third  term  in  the 
equation  was  also found to  be  small  although  not  insignificant. In calculat- 
ing these  correction  terms,  the  data  published  in  Reference 43 have  been 
used. 

2 . 2 . 2  Test  Procedures 

The  foam  generator  was  located  outside  a  door  to  the  reverberation 
chamber, so that a long  hose  could  be  used  to  deposit  the  foam  into  the 
8 foot x 9 foot x 1. 5 inch  deep  pan  placed on the  floor of the  reverberation 
chamber.  Ten  to 12 cubic feet of foam  were  necessary  to  sufficiently 
overfill  the  pan  and  permit  scraping  the  foam  to  obtain  a  flat  surface. 
Photographs  1  and 2 on  Figure 2 - 2 3  show the  filling  and  scraping of foam 
in  the pan. 

The  liquid  tank  was  filled  with 14 l i t e r s  of water  and  foaming  agent, 
which  yielded  between 7. 5 and  40  ft3 of foam  for  the  tested  expansion  ratio 
range of 15 to 80. For  expansion  ratios  below 25, the  liquid  tank  had  to  be 
refilled  once. A liquid  flow  rate of about 50 cc/sec  was  selected  for 
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1.  Fi l l ing Pan w i t h  Foam. 
Run 32 

2. Scraping Foam t o  obtain 
a f l a t   su r f ace .  Run 32 

3 .  Shear Resistant Foam 
Run No. 18 

4. Shear  Resistant Foam 
Surface After Scraping. 
Run No. 28 

Fig. 2-23 Preparation of Foam-filled Pan for  
Acoustic  Absorption Tests i n  a 
Reverberati on  Chamber 
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expansion  ratios up to  40. For  higher  expansion  ratios  the  liquid flow 
rate  was  reduced  to 25 cc/sec  in  order  to  keep  the  foam flow rate  reason- 
ably low.  The gas flow rate  was  adjusted  to  yield  the  desired  expansion 
ratio  which  was  measured  by  weighing a 3-liter  sample  obtained  while  the 
floor  pan  was  being  filled.  Some of the  high  expansion  foams  obtained 
from  high  concentration  solutions  were  extremely  shear  resistant. The 
cylindrical  shape of the  foam  extruded  through  the  hose  persisted  and 
could  not  be  scraped flat (Photograph 3 and 4 on Figure  2-23). The 
influence of the  surface  irregularit ies on the  absorption  coefficient  was 
probably  minimal.  To  substantiate  this  assertion,  tests  were  made on 
flat  and  grooved  Styrofoam  panels. 

Because of the  relatively  fast  aging  characteristics of the  water- 
based  foam  specimens  used  for  most of the  measurements, it was  desir-  
able  to  record  the 

0 Data  in as short a time  as  possible  after  the  manufacture 
of the  foam 

0 Elapsed  time  for  the  measurements of sound  decays 

In an  effort  to  record  the  effect of aging on the sound absorption 
coefficient of the  test  specimens,  the 1000 Hz 1/3  octave  band  decays 
were  repeated  at  the  end of each  run.  That  is,  the  sequence of recording 
1/3  octave  band  sound  decays  was 125, 250, 500, 1000, 2000, 4000, 
6300 and 1000 Hz. Total  elapsed  time  for  this  series of recordings  was 
about 8 minutes;  the  elapsed  time  between  the two 1000 Hz set  of decays 
was  about 3 minutes. 

The  absorption  coefficients  for a frequency  range of 125 to 6300 Hz 
were  determined  for 18 foams. A summary of the  foam  properties  and 
flow  conditions  in  the  foam  generator  are  given  in  Table  2-3. 

Filling  and  scraping  operations  took  about  15  minutes  for high 
expansion  foams  and up to 25 minutes  for  the  heavier  foams  because  the 
liquid  tank  had  to  be  refilled.  The  acoustic  test  lasted 6 to 8 minutes. 
Because of the  length of time  required,  only  very  stable  foams  could  be 
used  in  the  reverberation  chamber.  The  catalytic  foam  was not delivered 
on t ime and,  hence,  could  not  be  tested.  Runs #29 and #32 were  made 
with  the 100 percent  concentrate  without  catalyst.  Therefore,  the  foams 
obtained  were  very  soft  and  drained  rapidly;  the  highest  expansion  ratio 
obtainable  without  slugging  was  used  for  each  concentration. 

2 . 2 . 3  Summary  Test  Results 

Absorption  coefficients,  whether  measured  in a reverberation 
chamber  or  in a standing  wave  tube a r e  not  a characterist ic  property of 
the  material  (Reference 44) because a material  and  its  environment  can- 
not  be  separated.  The  size of sample,  the way it is mounted  or  con- 
tained,  the  nature of the  sound  field,  the  shape of the  reverberation  room, 
or  the  standing  wave  tube  characteristics  influence  the  measured  value of 
the  absorption  coefficient. 
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Table 2 -3.  Characteristics of Foams  Tested in a 
Reverberation Chamber 

Liquid 
Percent  Flow  Rate  Liquid 

Run Foaming Foaming Expansion Nominal Pressure Tank 
No. Agent  Type Agent Ratio (cc/sec) (psig) Refill 

2 High  Expansion 6. 0 35 50 105 No 

3 High  Expansion 6. 0 2 1  50  85 Yes 

6 High  Expansion 4 . 5  33 50 95 N? 

7 High  Expansion 4. 5 15   50  75 Yes 

10 High  Expansion 4 . 5  1 6   5 0  75 Yes 

11 High  Expansion 4 . 5  4 8   2 5  80 No 

14 High  Expansion 3 . 0  1 7  50 8 8  Yes 

15  3% Regular 10  4 4   2 5  75 No 
Protein 

18  3% Regular 10  80  25  125 No 
Protein 

19 370 Regular 1 0   1 7   5 0  -" Yes 
Protein 

20  3% Regular  10 3 2   5 0  " _  No 
Protein 

22  3% Regular 10  18   50   95  Yes 
Protein 

23  3% Regular 6 1 7   5 0   1 0 0  Yes 
Protein 

26  3% Regular 6 32  50  123 N o  
Protein 

27   3% Regular 6 4 7   5 0   1 3 7  N o  
Protein 

28  3% Regular 3 57   25   105 No 
Protein 

29  100% Concen- 6 29  25  100 No 
t ra te   Aerofoam 
no catalyst 

32  100% Concen- 10   40   25   130  No 
t ra te   Aerofoam 
no catalyst 

Note:  Run numbers   such   as  1,  4, 5 etc.   were  assigned  to  "empty  chamber" 
tests  which  preceded  and  followed  each  series of runs.  
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Moreover,  foam  absorption  coefficients  are  time  dependent  since 
draining of the  liquid by capillary  forces  and by gravity  continuously 
change  their  structure. 

For   this   reason a repeat  point  was  taken on each  foam  sample  at a 
nominal  frequency of 1000  Hz. The  difference  between  the  absorption 
coefficient  curve  and  the  repeat  points  was on the  order of 0. 04 and is 
indicative of the  drainage,  bubble  growth,  and  collapse  occurring  during 
the  time  necessary  to  complete  the  measurements  from 1.000 to  6300 Hz 
and  return  to 1000 Hz, i. e. , 4 o r  5 minutes.  The  foams  used  in  the 
reverberation  tests  were  among  the  most  stable  obtained  in  the  previous 
experiments  (except  for  runs 29 and 32, performed  on a non-catalyzed 
agent),  hence  the  repeat  points are very  close  to  the  original  curve. 

Figures 2 - 2 4  through 2 - 2 7  show some  typical  absorption  coefficient 
curves. 

The  reverberation  chamber  tests show that 

0 Absorption  coefficients of foams  generally  increase  with 
frequency  from  about 0. 1 at 125 Hz, to 0 .6  or  0. 7 a t  6300 Hz. 

0 No apparent  systematic  correlation  exists  between  the  foam 
expansion  ratio  and  ab  sorption. 

0 There   a re  no steep  absorption  peaks,  such  as  were found in 
the  standing  wave  tube  tests.  As  an  example,  corresponding 
runs  in  the  reverberation  chamber  and  in  the  standing  wave 
tube  are shown  in  Figures 2 - 2 4  to 2-27.  

Absorption  coefficients of solid  and  porous  materials  as  measured 
in  the  standing  wave  tube  apparatus  are  usually  lower  than  those  obtained 
for  these  materials  in  reverberation  chambers  (at   least   according  to  the 
Briiel  and  Kjaer  instruction  booklet  for  the 4002 apparatus  used  in  our 
tes ts) .  The measurements on Styrofoam  showed  this  statement  to be  only 
partly  true  as  can be  seen  in  Figure  2-28. As stated  before, a direct 
correspondence  between  standing  wave  tube  and  reverberation  chamber 
measurements is  not to  be  expected.  The  tests do show, however,  that 
liquid  foams  absorb  sound  and  that  the  absorption  is  higher  for  medium 
and  high  frequencies  than  in  the  lower  frequency  range.  The  absorption 
coefficients of liquid  foams  are  considerably  higher  than  those of 
Styrofoam. 
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3. MODEL OF SOUND ABSORPTION MECHANISMS 
IN A FOAM 

3.1 INTRODUCTION 

The  sound  absorption  properties of foams  obtained by the  standing 
wave  tube  method  indicate  that  resonance  phenomena  may  be  responsible 
for  the  excellent  sound  absorptivity: of foams.  Resonance  phenomena  were 
hypothesised  before  the  initiation of the present  investigation,  and  a 
possible  similarity  between  resonance  in  a  foam  and  the  behavior of gas 
bubbles  in  liquids  under  the  action of pressure  waves  was  postulated. 

The approach  chosen  for  examining  the  behavior of foams  was  to 
a s s m e  that  every  bubble of a set  of bubbles  with  a  given  radius  pulsated 
as if it  were  an  isolated  gas  bubble  in  a  liquid  having  the  same  density  as 
the  foam. A coupling  between  the  motion of bubbles  was  also  postulated. 
In  this  manner  a  distributed  parameter  mechanical  model of the foam 
was  formulated  and  an  electrical  analog of the  mechanical  system 
developed. 

Numerical  values  for  the  equivalent  mass  and  stiffness of a  bubble 
were  then  used  to  obtain  the  absorption  coefficient of the  foam  as  a  func- 
tion of the  driving  frequency.  The  damping  coefficients  and  coupling 
constants  were  variable  parameters in this study, so that only  an order  
of magnitude  agreement  could be expected  from  this  simplified  model. 
Such an  agreement  was  obtained  when  the  stiffness of the  bubble  was 
assumed  to  be one hundredth of the  adiabatic  stiffness of the  gas;  this 
indicates  that  the  adiabatic  compression  and  expansion of gas  inside  the 
bubble is not  the  only, or  proper,  energy  storage  and  release  mechanism 
present. 

The analog  model  was  also  used  in  conjunction  with  acoustical 
characteristic  impedances  and  propagation  constants  experimentally 
determined  at two frequencies  to  obtain  the  mass,  stiffness,  and  damping 
of the one  bubble resonator  plus  the  stiffness  and  damping of the  coupling. 
The  results  were  in  excellent  agreement  for  mass  and  damping  constants 
and  again  indicated  that  the  stiffness  values  were  much  lower  than  the 
adiabatic  compression of gas  and  much  lower  than  for  isothermal 
c  ompr e s s ion. 

3.1. 1 Structure of Foams 

Photographs of some of the  foams  tested  in  the  standing  wave  tube 
a r e  shown  on Figure 3-1 .  The  photograph  magnification is about 4.5 to 1 
(the  graduated  scale is in inches, 0. 1 and 0. 01 inch  engraved  divisions). 

The  following  features  detected  on  the  photographs  were  important 
in  the  choice of a model  for  foam  behavior.  Gas  bubbles of widely  varying 
sizes  were  separated  from  adjacent  bubbles by a liquid  wall  and  usually a 
large bubble  was  surrounded by many  smaller  bubbles. Two foams of 
equal  density  may  have  widely  different  bubble  size  distributions  and 
different  sound  absorption  characteristics.  For  instance,  the  foams of 



Run  104:  High  Expansion  Foaming 
Agent, 370 Concentration E X P  = 17 

Run  13 1 : Protein  Foaming  Agent 
10% Concentration  EXP = 16 

Run 108:  High Expansion  Foaming 
Agent, 3% Concentration  EXP = 68 

Run 119: Protein  Foaming  Agent, 
10%  Concentration  EXP = 72 

Figure 3-1.  Photographs of Foam  Surface 
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of tes ts   #lo4 and 121 a r e  of nearly  equal  density but  the  absorption 
coefficient  curves  are  quite  different.  The  #lo4  foam  shows a wider 
range of bubble sizes;  the  largest  was  about 2. 5 mm in diameter  while  the 
largest  bubbles  in  foam  #121  were  only 0.85 mm in  diameter.  The 
smallest  bubbles  were so small  as to  be nearly  invisible  in  both  foams. 

The  surface of two very  light  foams are also  shown at the  bottom 
of Figure 3 -1. Their  structures  were  quite  different.  Large  bubbles 
up  to 4 rnrn in  diameter  were  interspersed  with  smaller  bubbles  in  the 
high  expansion  foam  (#108),  while  only a narrow  range of bubble sizes 
appeared in the  protein  foam  (#119).  Size,  or mass, is   usually a major 
factor in resonance  phenomena;  therefore, a bubble  diameter  distribution 
was  obtained  from  the  foam  surface  photograph of tes t  #119. This  was 
done by placing  the  photograph  under a coordinate  microscope with 5X 
magnification  and  measuring  the  mean  diameter of all bubbles  inside 
a 1 /2-inch  square. A computer  program  developed  for  droplet  spray 
holography,  was  used  to  obtain  the bubble size  distribution by  locking  each 
bubble  into a 2. 5 micron wide band. The  bubble  diameter  distribution  and 
the  corresponding  volume  distribution  are  shown  in  Figure  3-2.  These 
distributions  have  not  been  incorporated  into  the  model of foam  behavior 
a s  yet. A need  for  this type of quantitative  information  is  expected  to 
a r i s e  when  the  analytical  work  has  progressed  further. 

The  bubble  dynamics of a foam  were  obviously  rather  complex and 
there  was  l i t t le hope of arriving  at  a mathematical  formulation  without 
drastically  simplifying  the  assumptions. T w o  models  were  considered: 
(1)  an  isolated  bubble  in a gas  (balloon)  with a coupling  to  other  bubbles 
and ( 2 )  an  isolated  bubble  in a liquid  with  the  overall  properties  (density, 
viscosity,  etc. ) of  the  foam,  coupled  to  other  bubbles. In either  case  the 
coupling  mechanism  was  difficult  to  define;  the  radiation of sound  caused 
by  bubble  pulsation  may be a possible  explanation. 

The  second  model  has  the  advantage of known physical  properties 
of the  foam;  therefore, a more  straightforward  examination of coupling is 
possible.  Foam  considered  as  an  incompressible  fluid is a valid  assump- 
tion  as  long  as no high  velocity  flows  exist. In subsonic  aerodynamics 
air   is   successfully  assumed  to  be  incompressible.  If foam  is  assumed  to 
be  incompressible,  analysis  developed  for  the  motion of bubbles  in  water 
can be applied  to  foam  without  further  modifications.  Actually  there  is 
little  difference  between  the  two  models.  Mainly  the  mass  in  motion  is 
three  times  lower  for  the  balloon  bubble  than  the  equivalent  mass of the 
bubble in liquid. 

3.1.2  Dynamics of a Bubble in  a Foam 

Several  authors,  including  Rayleigh  (Reference  45)  and  Minnaert 
(Reference  46),  have  mathematically  described  the  pulsation of a bubble 
under  the  action of periodic  pressure  waves  (References 47, 48  and  49). 
Rayleigh  formulated  the  nonlinear  differential  equation of the  radial 
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motion of a spherical  cavity, i. e.,  the  most  general  and  most  complex 
case;  Minnaert  obtained the resonant  frequency of the bubble  by  a simple 
energy  balance  while  neglecting  the  influence of damping  or of 
nonlinearities 

Devin  (Reference 47) also  neglects  the  contribution of surface  ten- 
sion but introduces  damping  into  the  linearized  differential  equation  and 
evaluates  the  magnitude of dissipation  caused by thermal conduction, 
viscosity,  and  sound  radiation at resonance. He assumes  that  damping 
does  not  affect  the  resonant  frequency.  Houghton  (Reference 50)  however 
includes  viscous  dissipation  and  surface  tension  forces  in  his  equations 
and  finds  the  resonant  frequency  to be 

3Y Po 112 

Numerical  evaluation of the  surface  tension  and  viscous  terms  in 
the  above  expression  showed  that  the  surface  tension  term  was  important 
only  for  bubbles of very  small  diameter  (less  than 100 microns). The 
resonant  frequencies of these  small  bubbles  are  too  high (100 kHz)  to 
.be of interest  here.  Similiarly,  viscous  damping  does  not  affect the 
resonant  frequency  for  bubbles  larger  than 10 microns. 

Hence Minnaert's  resonant  frequency  evaluation  is  accurate enough 
for  our  purpose,  and  Devin's  differential  equation  and  evaluation of the 
damping  constant  are  applicable  provided  that  total  damping  does not 
far  exceed  viscous  damping.  The  resonant  frequency,  as a function of 
bubble  size, is shown  in  Figure 3-3 .  Devin derives  the  differential 
equation of radial  motion of the  bubble  by  means of Lagranges  equation  in 
the  absence of a forcing  function 

where  the  Lagrangian L is the  difference of the  kinetic  energy  and  the 
potential  energy of the  system  (bubble-liquid 1 and v is  an  elementary 
change  in  the  bubble  volume.  Dissipation  is  introduced in te rms  of 
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Figure 3-3 .  Resonant  Frequency of a  Bubble 

Rayleigh's  dissipation  function B (Reference 51)  under  the  assumption 
that  the  dissipation  pressure  is  proportional  to  the  bubble  volume 
velocity ir 

B b 3  / 2  2 

where b is the  dissipation  coefficient. 

The  full  generalized  equation of motion is 

d - - P exp(j w t )  

where P exp(j w t )  is the  driving  function  for  the  motion. 

The potential  energy of the system is obtained  by  assuming  that  the 
gas in the  bubble is compressed  and  expanded  adiabatically  during  volume 
pulsations of the  bubble, so that 

P vy = Po.,' 
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For  small  amplitude  pulsations 

6 P  = - (YPO/VO)  dV = - ( Y P o  /VO)V 

The  potential  energy of the  system is 

P E = - ( 6 P )  dv = (yPo /Vo)v2  /2 LV 
The  kinetic  energy of the  system is obtained by noting  that  the flow 

of liquid  near a radially  pulsating bubble is  irrotational and that  the 
velocity  potential R of the flow is caused by a simple  source  at  the  center 
of the bubble: 

The  velocity o'f a liquid  particle  at a distance R from the  bubble 
center i s  

The  kinetic  energy of the  liquid of density p surrounding  the bubble 
is  

Hence  the  Lagrangian is 



The  equation of motion is therefore 

(p/4aRo)ii + b(ir)+ t 3YPo/4aR2)v = - P exp(j w t )  ( 
p/4aR0 i s  the  equivalent  mass of the  liquid  set  in  motion by the 

bubble,  while (3Y Po/4.rrR8) is the  stiffness  (or  spring  constant) of the 
system.  The  general  form of the  equation is that of a  damped  spring-mass 
s ys  tem: 

with  a  resonant  frequency 

1 /2 

The  dissipation  function  b(+)  must  include  the  influence of all  damping 
mechanisms  present.  The  function  b(+)  is not  known  explicitly  even  for 
water. If the  damping is  moderate  its  influence  on  the  resonant  frequency 
will  be  small,  hence  the  resonant  frequency 

is the  Minnaert  frequency  (Figure  3-3). 

We have shown  that  the  influence of viscous  dissipation on  the 
resonant  frequency  is  indeed small. If energy  dissipation by radiation 
and  thermal  conduction  is of the  same  order of magnitude as that of 
viscous  dissipation,  the  influence on  the  resonant  frequency  will  also be 
minimal. 

3.1.3 Damping Mechanisms  in  Foams 

Devin defines  a  total  damping  coefficient  as  the  sum of damping 
coefficients  for  sound  radiation,  thermal  conduction  damping  and  viscous 
damping  as 

' =  b rad 'th  'vis = l /Q 
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where  the Q of the  bubble  system  at  the  resonant  frequency f r  is 

Q = 2 r f r  m / b  

Viscous  damping  cannot be obtained  from  the  Navier-Stokes  equation 
of motion  because it can  be shown that  there  are no net  viscous  forces 
acting on any  volume  element  in  the  liquid. Only viscous  forces  acting 
on  the  surface of the  bubble  give r i s e  to  viscous  strains.  The  equation 
of motion,  including  viscous  forces, is derived by  Devin (Reference  47) 
and is given as 

At resonance,  can  be  written  as 'vis 

The viscosity, p ,  i s  the  surface  viscosity of the  liquid  (not  the 
overall  viscosity of the  foam)  because only viscous  forces on the  surface 
of the  bubble  cause  viscous  damping.  Surface  viscosity,  rather  than bulk 
viscosity,  is  applicable  to  these  calculations  since  viscous  damping  is a 
surface phenomenon. Surface  viscosity  is  usually  greater  than bulk 
viscosity  (Reference  4, p. 158).  Quantitative  information  on  surface 
viscosity of the  foaming  agent  solutions  was  not  available.  The bulk 
viscosity of water ( p  = 1 centipoise = N-sec/m)  was  used i n  the 
calculations. 

Sound radiation  damping  can be evaluated by replacing  the  pressure 
field  created by a pulsating  bubble by an  equivalent  field  created by a 
point  source  at  the  center of the bubble.  Devin (Reference  47)  obtains 
an  approximate  expression  for  the  equation of motion 

(p/4rRO)? t (pw /4rc)V t k'v = - P exp (j U t )  
2 

where k '  is the  change of pressure  on the  bubble  surface. 
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...... . .... . .. 

The  damping  constant in the above  equation is 

rad = b/mw = 2 1 ~ f  Ro/c 

where  c is the  velocity of sound  propagation  in  the  liquid  and w is the 
angular  frequency of pulsations.  The  velocity of sound propagation  in 
foams  was  measured  for a typical  foam with moderate  accuracy  (see 
Section 2. 1.3).  The measured  velocity  was 290 m / s e c  at 2133 Hz and 
180 m/sec   a t  2666 Hz for  a  light  protein  foam  (EXP = 38). Not surprisingly 
the  sound  propagation  velocity is frequency  dependent.  Assuming  an 
average  value 250 m/sec  the  dissipation  coefficient  at  resonance is 

yielding 

= 0.26 for p = 100 kg/m  (EXP = 10)  3 
rad 

and 

= 0.80 for  P = 10 k g / m  ( E X P  = 100) 3 
'rad 

Thermal  damping of bubble  pulsations  is  caused by a  phase  lag 
between  pressure  and  volume  changes of the  bubble  (Reference 52)  which 
result  in a  net  heat  flow  from  bubble  to  liquid. In Devin's  derivation of the 
thermal  damping  constant it is assumed  that  the  liquid is isothermal 
because of its large  heat  capacity  and  conductivity.  This  assumption is 
also  valid  for  foams  because  the  heat  capacity of the  thin  liquid  bubble  wall 
is a t   l eas t  two orders  of magnitude  higher  than  that of the  gas  inside  the 
bubble.  The  final  correlation is 

l l2  3Y - 1 

9(Y - 3(Y - 1)  
6th = 2 0 

16 

9(Y - 1) 1 
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where 

g = 1 +- (1 -&) 2F  

PoRo 

i s  the  surface  tension  correction of the  adiabatic  bubble  stiffness.  This 
correction  is  small  (Section  3.2.2).  Thus 

The  function F in  the  expression  for 6 i s  th 

F E 3YPo/(4rrpfD) 

where D i s  the  thermal  diffusivity of the  gas.  For air or  nitrogen  at 
25OC D = 1. 6 mz/sec.  Hence 

A simplified  relation  for 6 applies  within  one  percent  for  frequencies 
below 10,000 Hz th 

and  for air 

At  resonance 
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Figure  3 -4. Damping  Constants 
at  Resonance 

Figure  3 - 5. Damping  Constants  for a 
Bubble  Radius  R = 10-3  inches  in  a 
Foam of 10 Kg /m3  Density ( E X P  = 100) 

The  three  damping  constants 
a t   resonance  are  shown in  Fig- 
ure  3-4.  For  large  bubbles  (radii 
> 10-4)  radiation  damping is 
dominant.  Radiation  damping is 
two orde r s  of magnitude  larger 
than  viscous  damping  and  may 
well  be  large  enough  to  appreciably 
decrease the resonant  frequency 
of the l a rge r  bubbles.  At f re -  
quencies  lower  than  the  resonant 
frequency,  viscous  damping  may 
become  dominant.  For  example 
Figure 3-5  shows  damping  con- 
stant  variation  with  frequency  for 
a  large bubble  (radius = m) 
in  a  light  foam ( E X P  = 100).  The 
resonant  frequency  here is 33,000 
Hz. For  frequencies below 
1,000 Hz viscous  damping is 
dominant,  while  above 5,000 Hz 
radiation  damping  is  most 
important. 

Similarly  viscous  damping 
is dominant  below  10,000 Hz and 
radiation  damping  is  dominant 
above 50,000 Hz for  the  smaller 
bubbles  (radius z m) in  a 
heavier  foam  (Figure  3-6).  Ther- 
mal  damping  will  be  important 
for  small  bubbles  in  a  dense 
medium  (water)  exposed  to  high 
frequency, > l o ,  000 Hz. This is 
the  case  partially  because  radia- 
tion  damping  is  inversely  propor- 
tional  to  sound  velocity,  which  is 
high  in  water,  and-partially  because 
thermal  damping  increases  with 
frequency  for  a  given  bubble  size. 

Devin's  theoretical  results 
are  substantiated by experimental 
resul ts  of Meyer  and  Tamm 
(Reference  53)  who,  working at 
resonance  with  air,  hydrogen, 
and  oxygen  bubbles  in  water  and 
in glycerin, found that  the  damping 
decrement  was  composed of two 
parts  - the  constant  radiation  damp- 
ing  component  and  a  frequency- 
proportional  component.  They 
attributed  the  weak  influence  of 
liquid  viscosity on  damping 
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Figure 3 -6. Damping  Constants  for 
a Bubble of Radius R = 1 0 - 4  inches 
in  a Foam of 100 Kg/m3  Density 

( E X P  = 10)  and  in  Water 

to  the fact that viscosity  only 
affects  volumetric change. 

Examination of the  behavior 
of an isolated  bubble must now be 
followed by an overall  mechanical 
model  comprised of isolated bubble 
resonators  coupled  to  neighboring 
bubbles. A t  the  present  time we 
have no rationale  for  the  coupling 
mechanism.  Hence, it can  only 
be  postulated  that  the  coupling 
can be represented by a damped 
spring  and a parametric  approach 
to  further  study  can  be  taken. In 
th.e  following  section, a mechan- 
ical  analog  for  the  behavior of 
foams  will be postulated  and  an 
electric  analog  will be developed. 

3 . 2  O V E R A L L  MODELING 

One of the  simple  st  sche- 
matic  representations of the 
behavior of foams  under  the 
action of a pressure  wave is 
obtained by considering  one of 
the  elements  in a ser ies  of 
adjacent  slices of foams. Such 

an  element is composed of one  pulsating  bubble  and its coupling  to  the 
next  bubble of similar s ize ,   i s  shown  below 

The { mass  M, spring 
~ 1 ,  friction ~ 1 1  system  repre-  
sents  an  elementary  system - 
a bubble of mass  M. The 
spring K1 represents  the  com- 
pressibility of the  enclosed 
gas. B1 takes  into  account all 
of the  dissipation  mechanisms - 
heat  conduction,  viscous 
dissipation  and  radiation as 
described  in  Section 3.2. 3. 
The  system (K2 - Bz) represents 
the  coupling of each  element  to 
its neighbors. A one-dimensional 
schematic  may be sufficient i f  
plane  wave  propagation is 
considered. 

vi 
0 w -F”--o 
F1 

K2 B* F i t 1  

V i  t 1  
d 

4 

0 A 0 
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The electric analog of the above mechanical system may be 
constructed from the f0rc.e and velocity balance equations 

d vi 
Fi - Fit l  dt 

= M- 

1 F i t l  Fit 1 
1 i t 1  K2 B2. 

v. - v " - 
at + -  

The electrical analog is obtained by setting 

and 

L Z M  K E G C - '  B E R  

The circuit corresponding to  the analog equations 

v i t l  1 Ii - Iit = c2 dt t R i  

i s  shown as: 

c2 T 



The  impedance of the  elementary  system  in  the  mechanical  and 
electric  notation  is 

K1 
J 1 j w  Ci 

zm = B1 t j w  M + -  -r Ze = R t j w  L1 +- 1 

1 - - 1 
ym - B~ j w K 2  +- -Ye = R2 + j w  C2 

where 

Zm = F / v  

ym = v / F  
and 

ze = V/I  

Ye = IIV 

The characteristic  impedance of the  material, Zo, i s  

zo = J Z I Y  

while  the  propagation  constant, y , is  given by 

(34)  

Y = J Z  Y (Reference 53)  (35 1 

Thus,  when Zo and y a r e  obtained  from  standing  wave  tube 
measurements,  Z and Y become  available. Now some  assumptions  can 
be  made  for  the  values of a foam  element;  for  instance,  an  average 
bubble size  (obtained  from  the  photograph)  and  the  expansion  ratio  will 
yield  mass (i. e.,  inductance).  The  spring  constant  can  be  evaluated 
by neglecting  the  surface  tension  contribution and using  the  perfect  gas 
law  and adiabatic  compression. An order of magnitude of dissipation 
was  obtained  from  isolated bubble  studies. 

Thus,  Zo  and y are  considered  to be the  fundamental  building  blocks 
for  the  development of a mathematical  model  for  the  acoustic  behavior 
of foams.  These two properties  were  obtained  from  standing  wave  tube 
measurements as discussed  in  Section 2. 1.3. Before  these  data  became 
available, a parametric  study,  based  on  chosen  values  for  the  mechanical 
model  parameters,  was  conducted.  Afterwards, when experimental 
values  for  Zo  and y had  been  obtained,  some  calculations of the  corre- 
sponding  mechanical  properties  were  made  and  surprisingly good agree- 
ment  between  the two sets of numbers  was shown. 
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3 . 3  PARAMETRIC  STUDIES ON A  FOAM STRUCTURE MODEL 

3. 3.  1 A Distributed  Parameter Model of the  Acoustic  Behavior . ." of Foam 

A distributed  parameter  model of the  foam  was  evolved  from  the 
lumped  parameter  model  described  in  Section 3 . 3 .  The transition  was 
achieved by evaluating  mass,  spring  constants,  and  damping  coefficients 
on a per-unit  length  basis. 

Using  the  notation of L.  L. Beranek  (Reference  42,  p.  52-54)  as 
shown in  Figure 3 - 7 .  

Zm = R' + j ( uMm 1 - - m. 
1 

where  the  notation  used  as  compared  to  the  notation  in  Section 3 .  3 is: 

K L  = ,mechanical  spring  constant  per  unit  length  K/L 

C k  = mechanical  compliance  per  unit  length  R/L 

r' = mechanical  responsiveness  per  unit  length "/L 

R k  = mechanical  resistance  per  unit  length = B/L 

MI = mass  per  unit  length = m / L  

1 

1 
m B 

m 

w = angular  velocity = 2 ~ r f  

Z and y are  described  as  follows: 
0 

Zo = Ro t jXo 

" 
y =  a't j P  +"- I F  

I 

I I 0 
I I 

I I 

I 
I 

I ! R = real   or   res is t ive  par t  of Z 

I where 

X = imaginary  or  reactive  part  I 

I 
0 

6 

I 

I 

I 

I 
I O of zo 
I 

0 1 0 
a' = attenuation  constant 

P = phase  constant 
Figure 3-7  

Steady-State AC Distributed- 
Parameter  .Mechanical Model 
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If the  values of the  model  parameters MI KI R’ C’ and m’ mi’  mi’ m2 
rk2 a r e  known or  selected, it is possible  to  determine (1: p, Ro and X. 
i. e .  , the  complex  values of y and Zo. 

Having  obtained Zo and Y from  the  mechanical  properties of foam, 
the  response of that  foam  to  plane sound pressure  waves  in a standing 
wave  tube  can  be  predicted as follows.  The  surface  impedance Z 1  of a 
foam  sample of depth L was  obtained  in  Section  2.1.3  because 

Not  that  the  surface  impedance Zi was  obtained  from  the  measured 
reflection  coefficient r ;  hence Z i  i s  only known in  terms of i ts   ratio  to  the 
characteristic  impedance of air.  Since  the  mechanical  model of the  be- 
havior of foam i s  based on a damped  mass-spring  model of a bubble, it 
will be convenient  to  express  the  impedances  such  as Z.1 and Zo in   terms 
of a free  air  impedance 

where  the  area  is   the  surface  area of the  bubble 4vR . Thus  the  complex 
reflection  coefficient r at  the  interface of a i r  and  foam in the  standing 
wave  tube  apparatus is writ ten  as a modification of Equation (14) 

2 

’ Z i / Z a i r  - 1  

Z i / Z a i r  + 

r =  

For  a typical bubble of radius R = m 

Z . = 5 . 2  (N-sec) /m ( 2 . 9 6  x (lb-sec)/in) a i r  

The corresponding  measured  absorption  coefficient (a) of the  foam 
in  the  standing  wave  tube  apparatus  is  given by Equation (13). 

69 



Thus,  starting  from a set of mechanical  parameters,  the  surface  impedance 
and  absorption  coefficient of the  corresponding  foam  in  a  standing  wave 
tube  was  obtained. 

3 . 3 .  2 Parametr ic  Study of Foam Behavior 

A short  study  was  carried  out  to  determine  what  effect  parameter 
changes,  e. g. , R& o r  r h y  would have on the  resonance  and  frequency 
response  characterist ics of the  proposed  foam  model. In order  to do this 
(since y is  a complex  number) let 

tanh YL = rn t j T  (43) 

Using a hyperbolic  expansion  formula 

tanh YL = tanh ( a '  + jp )L = tanh a'  L t j tan DL 
1 t j tanh  a'L  tan pL (44) 

Further  algebraic  manipulation of the  right-hand  side of Equation (44) to 
separate it into its real  and  imaginary  parts  leads  to 

l J -= -  1 sinh 2 a 'L  
2 E 

and 

T = 2  
1 sin 2pL 

c 

(45) 

where 

E = Cosh  a'L  Cos pL t sinh2  a'L  sin pL 2 2 2 
(47) 

The values of a', f3, Ro and X, have  to  be  determined  in  terms of the  input 
parameters  selected  for  the  mechanical  model of the  foam  structure  in 
order  to  determine Roy X,, c r y  and T which are  needed  to  obtain  the  input 
impedance Z1. To determme a' and p l e t  

Zm = RZ + jI, 

ym Y = R t j1, 

where by inspection of Equations (36) and ( 3 7 )  

R = R A  Z 1 
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K' 
ml 

I Z ="Mm-- W 

R = r '  
m2 

I Y = C A W  
2 

From  Equations ( 3 5 ) ,  (48), and (49) 

2 Y = ZmYm 

o r  

Let  

U RZRy - IzIy 

V = R I + IZRy Z Y  

then  Equation (54) reduces  to 

a12 - p2 + j2alp = u + jv ( 5 7 )  

and by comparison of the  real and imaginary  parts it i s  seen  that 

- p = u ( 5 8 )  

2a'p = v (59)  

2 

Solving  Equations (58) and (59) simultaneously for a' i n   t e rms  of U and V, 
by eliminating p, we get 
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and  then  from  Equation (58) p can  be  determined as follows 

It should  be  noted  that  signs  on all the  square  roots  have  been 
selected  to  insure  that  both a' and f3 are  positive real numbers  in  order  to 
be  physically  meaningful.  Equations (50 )  through (531, (55), (561, (601, 
and (61) can now be  used  to  determine  the  values of a' and p as a  function 
of frequency,  for  a  given  set of mechanical  model  parameters. A similar  
approach  based on Equation 40 could  be  used  to  determine the value of Ro 
and X,, however,  in  this  case  there would  be a question as to  what  sign to 
take  for  the  square  root when determining X,; i. e . ,  X, has  to   be  real  but 
not  necessarily  positive. To avoid  this  problem  the  previously  determined 
values of a' and p are  used  to  determine R, and X, a s  follows: from  Equa- 
tions. (34), (351,  (38), ( 3 9 ) J  and (48) 

Expanding  and  comparing  real  and  imaginary  parts  we  get 

a' Ro - pXo = RZ 

PRO + a'Xo = Iz 

which  can be solved  for Ro and X. i n   t e r m s  of a', p, RZ, Iz  to give 

W e  can now find  the  input  impedance  measured  in the a t a d i n g  wave tube on 
foam  from  Equations (38), (45) and (46) since  the  va3ucs of a', p, Ro and 
X, have all been  found.  Thus 
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where 

I Z1 I = magnitude of Z1 

= phase  angle of Z 1' 

The  value of the  absorption  coefficient, a, can  also  be  determined  through 
Equations (41) and (42). A summarized list of the  equations  programmed 
on the  on-line  computer  used to calculate  the  absorption  coefficient of foam 
and the  other  parameters  in  this  analysis is  given  in  Table 3-1. 

Table 3-1. Summary of Programmed  Equations  Used to Determine 
Absorption  Coefficient of Foam and  Other  Parameters 
(Based on  a  Simple  Mechanical  Structure  Model 
for  Foam) 

I z  = wM;" - - K;"i 

Iy = W C '  

m2 

w = 2af 

R Z  R;"i 

U = R Z R y  - IzIy 

r = -  i sin h 2a'L 
2 r  

Z 
i f Z a i r  - i 

z i f z  . t i  

r =  

air  

= ( cosh   a 'L  cos pL)2 + (sinh a'L sin PL) 2 

T = Z  6 

i sin 2PL 

a =  i - 1rj2 

Input: f ,  R;" , MA, K '  , r' , and C '  
i mi m 2  m2 
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Having established  and  programmed  the  equations  needed  to  calculate 
the  absorption  coefficient, a, and  the  surface  impedance, Zi, a foam  was 
selected  and the mechanical  model  for  that  foam  was  established.  The 
parameters  needed are mass,  spring  constant  and  damping  coefficient of 
the  pulsating  bubble,  and  the  spring  constant  and  damping  for  the  coupling 
between  bubble s. 

Calculations of resonant  frequencie e of pulsating  bubbles  (Sec- 
tion  3.2.2)  showed  that  bubble  resonance  frequencies  in  the  audible  range 
correspond  to  the  large  bubbles, i mill imeter   or   larger   in   diameter .  The 
bubble  size  distribution  (Figure  3-2)  obtained  for  a  light  protein  foam 
showed  bubble diameters up  to 1 millimeter. Larger  bubbles  can  be  seen 
in  Figure 3-1. A bubble  radius of m was  selected  for  the  mechanical 
model. The equivalent  mass of the  foam  can  be  obtained  from  the  equation 
of motion  from  Section  3.2.2. 

p f 3YP0 
4rr R I; + b(+) G + - AV = - P exp (yot)  

4rrR 

The mechanical  model  was  based on a  driving  force,  while  the  pressure 
in  the  equation of bubble  motion  acted  on  the  surface 4rrR2 of the  bubble: 

P 

F = 4xR P 2 

pfRV t 45rR  bG t ( 3 y P o / R )  Av = - F exp (ywt)  
2 

In  the  equation of motion  Av is  the  volume  increment of the  bubble  while 
the  mechanical  model is   based on a l inear  increment Ax: 

Av = 45rR  AR - 4rrR  Ax 2 2 

and 
2 

pf 4iR32 + ( 4rrR’) b i  + 12xYP  R Ax  = - F exp ( jot)  
0 

To obtain  the  equivalent  mass,  stiffness,  and  damping  on  a  per  unit  length 
basis,  the  coefficients of the  differential  equation  are  divided by 2R 

R A  = 8rr R  b 2 3  
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I 

F o r  R = 1 0-3 m, the  equivalent mass per  unit  length will vary  f rom 
6 x I O m 5  kg/m  (or   N-sec2/m2)  (0 .87 x lbf-sec2/in ) for  a light  foam 

heavy  foam ( p  = 1 0 0  kg/m3, E X P  = 10) .  

2 

( P f  = 1 0  kg/m3, E X P  = l o o ) ,  to 6 x kg/m  (8.7  lbf-sec2/in2)  for a 

f 

The  adiabatic  stiffness K1 i s  on  the  order of 2 . 6  x 1 0  N / m  

(380 lb-sec  /in. ). The  corresponding  isothermal  stiffness is 1.89 

6 2 

2 2  ml 

x I O 6  N / m 2  (270  lb-sec2/in.2).  The  damping  constant 6 = 
3 (2nf)(47~R )p varies  between 0 .08  and 0.25 (Figure 3-5 in  the  frequency 

range of interest; i. e . ,  350  to 10, 000 Hz. 
f 

6 = -  = 0.15 2bR 

f p f  

= 87~ 2 3  R b =  0.67~ 2 2  R ( P f X f )  Rm 
for R = rn 

E 6 x 10- ( p f  x f )  6 
'm 

0. 02 < R k  < 6 (N - s e c / m  ) 
2 

The values  chosen  to  conduct a numerical  study  in  which  the  damping 
parameter  was  varied  from 0. 007 to 7 . 0  N-sec/m2, ( 1 0 - 6  to  10-3  lb-  sec/ 
in21 were: 

= 0 .26  I O m 4  N-sec 2 /m2 (0 .3751  I O m 8  lb-sec2/in.  2,  

= 1.89  10 N / m  

Mm 

Km 
4 2 ( 2 .  7338 lb/in. ) 

2 

r' = 0 
m2 

C'm2 = K t m  
- 1  = 1.3  10 -3 

'air 

The  mass  and area  chosen  correspond  to a I. Oe3m bubble diameter and 
the  stiffness  is  about 100 times  lower  than  the  isothermal  stiffness of a i r .  
(Preliminary  calculations  .showed  that  resonant  frequencies  were  at  least 
an order  of magnitude  too  high  when  these  adiabatic  or  isothermal stiff- 
nes  values  were  used. ) The  object of the  parametric  study  was  to  verify 
resonant  behavior of foam  and  to  point  to  changes  in  the  mechanical  model 
necessary  to  obtain a more  realistic  representation. One of the  changes 
needed is  a different  approach  to  the  compressibility of foams. 

a 
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Figure 3 - 8  shows  that  the  absorption  coefficient  has  a  resonance at 
about 5500 Hz for  relatively low resistance.   This  appears  as  a  dip  (mini-  
mum  value)  in  the  magnitude of the Z1 curve of Figure 3 - 9 .  That this is  
a true  resonance  condition is further  substantiated by  the  zero  crossover 
for  the  phase of Z1, at the same frequency as shown in  Figure 3-10. 
This  same  figure  shows  that  there i s  an  antiresonant  condition at about 
8000 Hz. Again this is substantiated by the  peaking  out of the Z1 magni- 
tude at the same frequency. It i s  seen  that a resonance  situation  corre- 
sponds  to a minimum in the  magnitude of the  input  impedance  measured 
in  the  standing  wave  tube  and  that  the  phase of the  input  impedancq  goes 
through  zero  (from  negative  to  positive).  These  results  are  in  agreement 
with a simple  one-degree of freedom R, L, C ser ies   e lectr ical   c i rcui t  
where  the  ac  input  impedance  can  be  expressed  as 

zin = R + j(wL - i/d) 
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Figure 3 -8.  Absorption  Coefficient vs. Frequency 
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For  relatively  low R', at  resonance, = 0 
0 

w o L  = l / w o  c - f = - 1 
0 21T & 

and 

For 

Figure 3-11 shows how the  attenuation  coefficient (a') varies  with  frequency 
for  the  various  values of resistance.  At a given  frequency  the  attentuation 
coefficient  increases  with  increased  resistance as should  be  expected. It 
should  be  noted  that  for  low  resistance  or  dissipation, a' increases  with 
frequency  while  for  very  low  resistance, a' decreases  with  increased 
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Figure 3 -1 1. Attenuation  Constant VS. Frequency 

frequency.  There  appears  to  be  some  critical  value of R'mi  (possibly 
corresponding  to  critical  damping)  which  separates  these two regions. 
The  phase  constant, (3, which  determines  the  phase  or  acoustic  velocity 
in  the  hypothesized  structural  model, is shown  in  Figure  3-12  as a function 
of frequency  for  various  values of resistance. In general (3 increases with 
increased  frequency  for a fixed  value R' mi.  For  a given  frequency, (3 
increases  with  increased  dissipation.  The first resonance  condition  (cor- 
responding  to L = X/4 for a closed-end  tube)  corresponds  to a (3 = 0.785 
(for L = 2 inches)  which  results  in a frequency  corresponding  to  low  dis-' 
sipation (=5500 Hz)  which is  in  agreement  with  the  previous  discussion. 
The  same is true  for  the  antiresonant  case  corresponding  to a (3 = 1 . 5 7  
(frequency = 8000 Hz).  It is seen  that, as the  dissipation  increases,  the 
first resonant  frequency  decreases. 

3.  3. 3 No Loss Distributed  Parameter  Model 
Resonance  Calculations 

h order  to  verify  the  previous  results,  the  undamped  resonant  fre- 
quencies of the  selected  distributed  parameter  model  shown  in  Figure 3-7 
were  determined  by  setting R ' m 1  and r 'm2 to  zero.  Then 
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Figure 3 - 1 2 .  Phase Constant vs .  Frequency 

Y = u j  C' m m2 

From Equation (35)  

By comparison of Equations (35)  and (71)  it  is  seen that 

cy I = O(i. e., no dissipation) 

and 

P =  J-.."-.- - 5) 
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For  sample  resonance  in the capped-end  standing-wave  tube  the.sample 
depth is given  by 

L = nA/4 n = 1, 3 ,  5 

thus as resonance 

p=,=- 
2~r n-rr 

2 L  
For   an  L = 2 inches 

p =  - n-rr 
4 

(73) 

(74) 

(75) 

Substituting  Equation ( 6 8 )  in (72) and  solving  for  the  undamped  resonant 
frequencies, we get 

Using the  parameters  selected  in  the  previously  discussed  studies we get 
the first resonant  frequency  for n = 1 

f 1  = 5464 Hz 

which  checks  the  results of Figures 3 - 8 ,  3 - 9  and 3-10. 

Fo r  n = 2, which  corresponds  to  an  antiresonance  situation, f 2  
calculates  out  to 8000 Hz,  which also  checks. 

For  the  second  resonant  frequency f 3  = 11,000  Hz,  etc. 

From  Equations  (17)  and (74) it is seen  that  since PL i s  a multiple 
of n / 2  then at the  undamped  resonant  frequencies 1Z1 1 = 0 and  at  the 
undamped  antiresonant  frequencies 1Z1 I = 03 which  checks  with  the 
results shown  in Figure 3-9. 

3. 3. 4 Results of the  Distributed  Parameter  Model 

The  results  obtained  in  this  study  are  essentially  in  agreement  with 
results  reported,  in  Section 2 in  regards  to  the  phase  characteristics of 
Zi and  the  peaking  characteristic of CY observed  under  resonance  or  high 
energy  absorption  conditions.  This  qualitative  agreement  points  out  the 
basic  validity of the  hypothesized  distributed  parameter  foam  structure 
model. 
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3 . 4  CALCULATION OF DISTRIBUTED PARAMETERS IN THE 
MECHANICAL  MODEL FROM MEASURED ACOUSTIC 
PROPERTIES OF FOAM 

The  experimentally  determined  values  for  the  characteristic  imped- 
ance  and  propagation  constants  (Section 2.1.3.2) can  be  used  to  calculate 
the  mechanical  parameters  in  the  foam  structure  analogue. 

3 . 4 .  1 Analysis 

The  propagation  constant  and  characteristic  impedance of the  sample 
a re ,  combining  Equations'(34)  and (35) and  defining RZ and I as  follows 

Z 

The  values of a', p,  R and X are  experimentally  determined  using 
the  techniques  described  i2Sectiog 2.1. 3.1, then  values of Rz, 
and Iy, which characterize  the  structure of the  test  sample,  can 
determined  as  follows: 

The  experimental  values of Zo, i. e., of and X. were  obtained  in 
,ir units, i. e., Ro/(pC)air  and  Xo/(pC)air,  while  the  propagation  con- 
is  calculated on a per  unit  length  basis.  Moreover,  calculations 

of Zo and y a r e  defined  in  systems  in  which  the  driving  function is  a pres -  
sure  while  the  analog  used  here  has a driving  force.  The two  systems 
are  conciliated  by  normalizing  Ro  and X, to  the  previously  defined  air 
impedance 

Zair = x a rea  

Z R 
0 Z IZ y = -  tj- 

'air air a i r  Z 

where  RZ  and I are  per  unit  length  values  because y has  not  been 
normalized. ' Z  
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Combining  Equations (381, (39)  and (77) 

Equating  real  and  imaginary  parts  in  Equation (79) 

a i r  

From  Equation (78) 

RZ 
'air air air 

IZ 
'air 

we  get 

j- (7 9) 

and from  Equations (38)  and  (39)  this  becomes 

.. ., 

CY' + j p  
RO 

X = R  Y Z air + j %'air (83) 
+ j -  

'air Z a i r  

0 

Algebr'gically  expanding  the  left-hand  side of Equation (83)  and  matching 
the  real  and  imaginary  components on the  left-  and  right-hand  sides,  we 
get 

a i r  
2 

Z O  

'air 
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z O  
" - 
'air a i r   a i r  

Equations (80), (81), (84), (85) and (86) can  be  used  to  calculate  the  nor- 
malized  values of Rz, Iz, Ry  and Iy from known values .of a', p ,  Ro/Zair  
and  Xo/Zair  at a given  frequency. Knowing Zair,  the  unnormalized  values 
of these  parameters  can  be obtained.  The  desired  equivalent  mechanical 
parameters 

MIm, Rtm , Klm , r ' , and C l m  

1 1 m2 2 

can  then  be  calculated  provided  that  data  from two or  more  test  frequencies 
are  available. 

3. 4. 2 Experimental  Results 

I Standing  wave  tube  measurements  taken  at two driving  frequencies 
on 6 percent  concentration  Protein  foam,  carried out  in  Run No. 304  
(Section 2. 1. 3. 2) for  the  different  sample  thicknesses,  resulted  in  the 
average  propagation  values  (within  experimental  errors)  listed  in 
Table 3 -  1, as  determined  by  the  method  outlined  in  Section 2. 1. 3. 2 and 
given  in  Table 2-2. 

Table 3 - 1. Experimentally  Determined  Acoustic 
Propagation  Constants  for  Foam  Sample 

Frequency, Hz 

(y, neper s /meter  

p ,  radians/meter 

c,  (acoustic  velocity), 
meters  / sec 

R 0 /Zair,  dimensionless 

X. / Z air, dimens  ionle s s 

- 
21 33 

23. 6 

51. 2 

262 

3. 13 

0. 5 9  

2666 

25. 6 

90. 6 

185 

3. 46 

0. 36 

- 
21 33  

0. 60 

1. 30  

85 9 

"- 

" - - 

~ 

2666 

0. 65 

2. 30  

607 

-" 

"- 

(y, nepers/inch 

p, radians/inch 

c, feet /sec 

The  values of Rz/Zai r ,   Iz /Zai r ,   Ry  . Zair, Iy . -Zair determined  using 
Table 3 - 1  data  in  Equations (BO), ( S l ) ,  (84). and (85) are  presented  in 
Table 3-2. 
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Table 3-2. Normalized  Components of Distributed 
Impedance  and  Admittance  Parameters 

r 
Frequency, H e  

IY ' 'air' 

R~ ' 'air' 

'Z"air8 

55. 9 43. 7 RZ/Zair,  per  meter 

2666 2133 

per   meter  

25. 2 14. 6 per   meter  

9. 9 10. 2 per   meter  

322. i 174. 1 

21  33 

1. 11 

4. 42 

0. 26 

0. 37 I 2666 

1. 42 

8. 19 

0. 25 

0. 64 - 

per  inch 

per  inch 

per  inch 

.per  inch 

Using  the  value 5 . 2  x N - sec /m (2 .96 x Ib-sec/in)  obtained 
in  Section 3.4. 1 for a nominal air bubble  radius of 10-3m, the  basic 
s t ructural   parameters   are   der ived  f rom  Table  3-2 data  using  the  following 
equations 

r '  = Ry = ( R Y  Zair)/Zair (8 9 
m2 . 

It can  be  seen  from  Equation (88) that  values of MIm and  K'mi  are 
indeterminate  unless  data  from  at  least  two  frequencies  are  available. 

The  results  presented  in  Table 3-3 combined  the IZ values  for  the 
two frequencies  to  separate out M'm  and  K'm1,  assuming  that  these 
values  are  frequency  insensitive.  This  latter  assumption  is  acceptable, 
in  view of the  experimental  procedures,  since  the  other  foam  structural 
parameters  are  relatively  insensitive  to  frequency  over  the  range  tested. 
This  further  indicates  that  the  assumed  model  is  also  relatively  applicable. 
If test  data  at  more  than two frequencies  were  obtained,  then  the  selection 
of the  foam  structural   parameters  M'm, K ' m l ,  and Clm2 could  be  deter - 
mined  using  optimizing  curve  fitting  techniques  to  obtain a good overall 
match of 1z(Z,ir) and  Iy(Zair)  to  the  test  data. 
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Table 3-3. Experimentally  Determined  Distributed 
Foam  Structural   Parameters  

Frequency, HZ 

0.23  0.29 R'  , (N-sec/meter)/meter 

13.402  16.751 W ,  radians/sec 

2.133 2.666 

r' , (meter/N-sec)/meter 2,000 1.900 
"1 

"2 

c"2 
' , (meter/N)/meter 0.21 n. 29 

MA. (N-sec  /meter)/meter 

'il, , (N/meter)/rneter 1.64 x 10 

2 1.6 10-4 
4 

1 

2.133 2,666 

1!,402 16,751 

3.3 x  IO-^ 4.; x 

8,800 8,400 

0.92  1.29 

2.35 

2.36 

Frequency, HZ 

W ,  radians/sec 

RA1. (lb-sec/in)/in 

' , (in/lb-sec/in 
m 2  
C' , (in/lb)/in 
b$,, (lb-sec2/in)/in 

% , (lb/in)/in 

"2 

1 

Additional  testing  was  carried out at  a  later  date  to  further  deter- 
mine  the  reproducibility of the  experimental  technique  and  the  validity of 
the  proposed  foam  structural  model  parameters.  The  results  obtained 
f rom Run No. 305 test   data  are  presented  in  Tables 3-4 and 3-5 for  com- 
parison  with  results  in  Tables 3-3 and 3-6. 

Table 3-4. Reviewed  Foam  Structural  Parameters 
Based on Run 305 Test Data 

Frequency. HZ 

W ,  radians/sec 

RA1, (N-sec/rneter)/meter 

r' , (meter/N-sec)/meter 

C' , (meter/N)/meter 

MA, (N-sec /rneter)/meter 2 

% , (N/meter)/meter 

"2 

"2 

1 

2,339 2,729 

14,696 17,147 

0.18 0.33 

3.800  2,200 

0.18  0.37 - 
1.8 x 

1.88 x lo4 

2,339  2,729 

14,696  17,147 

2.64 x 4.84 x 

16,800 10,000 

0.85 - 1.62 
2.72 x 

2.84 

Frequency, HZ 

W .  radians/sec 

RA1, (lb-sec/in)/in 

r' , (in/lb-sec)/in 

C' , (in/lb)/in 

MIrn, (lb-sec2/in)/in 

% , (lb/in)/in 

m2 

m2 

1 
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Table 3-5. Calculated Urldamped First Three  Resonant 
Frequencies  Based on Table 3-4  (Run  305) 

L, sample  depth,  inches 1 2 3 4 5 

Resonant  frequencies Hz 

First 2122 1763 1689 1662 1649 

Second 4400 2612 2122 1921 1820 

Third 7005 3775 2793 2355 2122 
-~ ~ 

Table 3-6. Calculated Undamped First Resonant 
Frequency  (Based on Table 3-3 Data) 

-~ 

L, sample  depth,  inches 1 2 2. 75 

f 1, calculated  undamped first 2259  1800 
resonant  frequency, Hz 

1717 

It is seen  that  the first resonant  frequencies  from  the two indepen- 
dent tests  match  within  engineering  accuracy  for  the 1 - and  2-inch  sample 
depths. 

Experimental  measurements of a a s  a function of frequency  for  three 
different  depths  tested  (Run No. 305) a r e  shown  in  Figure 3 - 1 3 .  It is  seen 
that  the  calculated  third  resonant  frequencies  are  in  relatively good agree-  
ment  with  the  peaks of these  curves.  Again  this  indicates good agreement 
between  the  proposed  foam  structural  model  and  test  data. 

3.4.  3 Summary of Analytical  Model  Results 

The  order of magnitudes  and  trends  exhibited  in  Table 3-3 are 
generally  in good agreement  with  the  physical  situation. 

The  proposed  mechanical  analog  for  the  behavior of foams 
and  the  results  of  transmission  line  theory  applied  to  the 
corresponding  distributed  parameter  electric  analog show 
a good agreement  with  the  behavior of foams  observed  in 
the  standing  wave  tube  apparatus.  The  orders of magnitude 
and trends of physical  properties shown in  Table 3-3 a r e  
generally  in good agreement  with  the  calculated  values. 
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Figure 3-13. Experimental  Results  (Run No.  305) 

0 The  effective  bubble  mass  per  unit  length,  calculated 
assuming  an  isolated  bubble  surrounded  by  foam,  leads 
to a value on the  order of 

2 
10 -4 N - sec 8 2 (10- (lb-sec  / in)/ in) 

m 2 

The  results  in  Table 3 - 3  a r e  in very good agreement 
considering  the  experimental  measurement  errors 
involved  in  determing  this  value. 

0 The  average  acoustic  velocity, C, in  the  foam is on  the 
order  of 250 m / s e c  (800 ft/sec).  This  is  higher  than  the 
normal  (gas  -bubble  -liquid)  equilibrium  thermodynamic 
theory  would  indicate  (see  Figure 1-3). 

0 The  mechanical  spring  constant of the bubble calculated on 
the  basis of gas  compressibility is about 100 t imes  larger  
than  the  value  determined on the  basis of measured  acoustical 
properties. 

0 The  undamped  third  frequency  for 3 ,  4 and 5 inch  deep  sam- 
ples,  calculated  from  Equation (76)  using  the  results  given 
in  Table 3 - 4  correspond  to  measured  maxima  in  the  absorp- 
tion  coefficient  (Figure 3 - 13). 

0 It can  definitely  be  stated  that  the  experimentally  observed 
acoustic  absorption of foam is a resonance  phenomenon. 
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4. J E T  NOISE REDUCTION EXPERIMENTS 

The  model  jet  noise  reduction  experiments  were  conducted at the 
TRW Malibu  Facility.  The  Malibu  Facility,  located  in  the  Santa  Monica 
mountains,  offers  the  advantage of a low  background  noise  environment 
and  the  absence of sound  reflecting  surfaces  near  the  test  stand. All  
of the  equipment  used  was  portable. 

The  choice of a small 1 -inch (0. 0254 m) diameter  cold  jet  was 
made  on  the  basis of test  convenience.  True  scale  model  jet  tests would 
necessitate  reproducing  many  parameters;  the  most  important  ones are 
jet  density,  velocity  and  Mach  number  (Reference  54).  Since  the  low  tem- 
perature of the  cold  nitrogen  jet  affects  density  and  Mach  number,  any 
attempt  to  translate  directly  the  results of this  study  into  airplane  jet  noise 
prediction would  be negated. 

Foam flow  requirements on the  small  scale  nozzle  may  be  expected 
to  be  much  larger  than on the  corresponding  engine  exhaust  jet  since  foam 
presumably  acts  on  the  peripheral   area  (-diameter)  jet ,   while  the  jet  
flow rate  is proportional  to  the  cross  sectional  area  (-diameter  squared). 
Hence,  comparisons of foam  flow  rate  to  gas  flow  rate  ratio  cannot  be 
made,  except  that a reduction of the  flow  rate  ratio  is  proportional  to  the 
geometric  scaling  factor when all other  variables  are  unchanged. 

Much of the  basic  work on jet  noise  has  been  conducted on small 
je ts  and  yielded  results  applicable  to  engine  jets.  Thus,  there i s  reason 

Gas J e t  to  expect  that  the  significant  noise 
reduction  effected  by  foam  injection 
and measured on the small cold  jet 
will  also  be  obtained in  engine  jets. 

4.1  TEST APPARATUS AND 

Foam Manifold 

Thermocouole 
Po Transducer 

PROCEDURES 

4. 1. 1 Model Je t  and Foam  Injector 

Flow control  valve Figure 4- 1 schematically 
shows  the  model  jet and associated 
foam  injection  apparatus.  The 
model  jet  (detail shown in  Figure  4-2) 
consists of a 0.304-m long by 0. 152-m 
diameter (12 inch  by 6 inch  diameter) 
chamber and  nozzle  holder  with  inter- 
changeable  convergent and convergent" 
divergent  nozzles  (Figures  4-3 and 
4-4).  The  nozzle  holder  also  incor- 
porates  an  annular  foam  manifold 
with  three  readily  selectable  dia- 

of foam. A 3.1  inch by 5 inch  pipe 
duct  was  also  attached  for  some  tests, 
(Figures  4-5,  4-6  and  4-7).  Fig- 

Flow  Schematic  for  Model  Jet  Noise  ure  4-6  shows  the  model  jet  assembly 

Dome Regulator 

K-Bottle meters  and  gaps  for  the  injection 

Figure  4-1 

Attenuation  Tests 
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""" s 

Figure 4-2. The  Model Jet  (For  Nozzle  Diameters  and  Configurations 
see  Figures 4-3 and 4-4) 

'T 
""- - 1 . 0 0  " 

I 

Figure 4 - 3 .  Convergent-Divergent  Figure 4-4. Convergent  Nozzle 
Nozzle 

supported on a rigid  stand by four  flextures  to  provide  longitudinal  trans- 
lation  for  thrust  measurement. A 0-445 Newton (0 to 100 lbf)  trans- 
ducer is shown mounted  to a rigid  plate at the  rear  of the  jet.  Thrust 
errors   created by unbalanced  loads  and  constricting  hoses  were  minimized 
by  forming  the GN supply  flex  lines  into a large  diameter hoop,  and  using 
flex  hose  to  supply  the  foam. 2 
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(a) 
3.1-Inch Foam 

Injector 

(c 1 
3.1 -Inch ID Pipe 

Duct 

Figure 4-5. Gas and F o a m  Jets (Note Ingestion  Patterns) 
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F i g u r e  4-6.  The  Model   Jet  and Foam Injector 



Figure  4-7. Gas Je t   wi th  Foam Injection 



Gaseous  nitrogen  for  the  jet  was  taken  from a cylinder  trailer  via 
40 feet of 0.75  inch ID tube. Pressure  control  was  accomplished  by a 
dome  regulator.  The  regulator  downstream  pressure  and  temperature 
were  monitored  by  means of transducers  located  upstream  from a cali- 
brated  0.009525 m (0.375 inch)  venturi. 

This  venturi was placed  in a 0.304 m (12 inch)  length of 0. 0381 m 
(1.5  inch) ID tube  (the  only  section of flow  path  not 0. 01905 m (0.  75 inch) 
ID tube). A solenoid  actuated ball valve  was  used t o  initiate  and  terminate 
the  jet flow. 

The  foam  system,  also  plumbed  exclusively with  0.01905 m 
(0 .  75 inch) ID tubing,  consisted of a 14  liter  foam  solution  tank  pressuri- 
zed  with GN2 and B-B  bed improver;  a 2.  13 m ( 7  foot)  flex  hose  con- 
nected  the  improver  with  the  foam  manifold.  The  pressurized  foam  solu- 
tion,  consisting of foam  concentrate  and  water,  was  mixed  with  pressurized 
GN2 f rom a separate  K-bottle  within  the  improver.  The  foam  developed 
its  characteristic  expansion  ratio  and  bubble  size  within  the 2. 13 meters  
(7 feet)  of flex  line  before  entering  the  foam  manifold.  Indication of 
liquid  and  gas  flow  rate  in  the  foam  system  was  obtained  from  pressure 
gauges  located on the  test  apparatus. 

Figure  4-7  shows  the  model  jet  in  operation  with  foam  injection. 

4. 1.2 Test  Site  Layout  and  Position of Measurement 
Mic r oDhone s 

Figure  4-8  is a plan  view of the  measurement  site.  The  test  site 
was  ideally  suited  for  noise  measurements  because  the  background  noise 
level  was Gery Low. In addition,  atmospheric  conditions  during  the  field 
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Figure  4-8 
Plan View of Measurement  Site 

survey  were  ideal. All measure-  
ments  were  made  under  near  zero 
wind  conditions.  The  nearest  large 
reflecting  surface  was a building 
located  about 40 meters  (130 feet) 
from  the  model  jet and  about  an 
equivalent  distance  from  the  near- 
e st  measurement  microphone . The 
location of the  measurement  micro- 
phones  relative  to  this  building  was 
not  considered  ideal;  however,  the 
choice  was  dictated  by  the  limited 
a r e a  of flat terrain  available.  It 
is  believed,  however,  that  this 
building  did  not  affect  measure- 
ments  appreciably.  This  state- 
ment is supported  by  the  following 
reasoning. 

Four  microphone  locations 
were  used  for  all  measurements. 
Standard  microphones,  located  at 
2 2 .  5 ,  45,  67. 5 and 90 degrees ,   are  
designated  as  dots  in  Figure  4-8. 
The remaining  locations  at 30 ,  37. 5, 
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52.5 and 60  degrees  were  used  for a small number of test  runs.  The  four 
standard  microphone  locations  were  chosen  in  order  to  determine  noise 
output  and  noise  reduction in the areas  where  maximum  noise  is  radiated. 
All  microphone  heights  were  placed  in a horizontal  plane  which  included 
the  model  jet  noise  source.  The  heights,  which  varied  slightly  to  accom- 
modate small terrain  elevation  variations,  were  approximately 66 inches 
above  ground  level. 

4. 1. 3 Instrumentation  and  Data  Collection 

The  jet  flow  instrumentation is presented  in  Figure  4-9.  The  pres- 
sure  transducers  and  load  cell  were  conditioned by Endevco  Model 4470 
universal  signal  conditioning  modules  with  complimentary  strain  gauge 
bridge  cards.  Calibration  was  maintained  through  bidaily  use of R-cal 
values  provided by TRW Metrology.  Copper-Constantan  thermocouples 
were  employed  in  both  the  line  and  chamber  temperature  positions. 
These  thermocouples  were  referenced  to  an  external  voltage  source  which 
was  corrected  three  t imes  during  the  testing  day. All transducer and 
thermocouple  outputs  were  recorded on a six point  Leeds  and  Northrup 

Condi tioners 
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Thermocouples 

h b i e n t  
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-10 t o  +40 "C 

Figure  4-9 

Model Jet  Instrumentation 

type W recorder.  The  interval 
between  consecutive  data  points 
was about 5 seconds.  The  scales 
were  calibrated  to  read  directly, 
in  lbf,  psia  and OC. 

The  acoustical  recording 
instrumentation  is  shown  in  Fig- 
u r e  4- 10. The  noise  levels at the 
four  microphone  locations  were 
recorded  on  magnetic  tape  using 
a four  channel Ampex  Model 
AG-440B recorder .  The micro-  
phones  used  were of the 1 inch 
condenser  type.  The V T V M ,  
octave  filter  set  and  oscilloscope 
shown were  used  for  direct  moni- 
toring of the  noise  levels  during 
a run.  Channel  four of the  system 

was  used  to  insert  voice  information  between  test  runs, as well as t o  
indicate  by  voice  the  onset  or  end of foam  injection  into  the  jet  stream. 
The measurement  system  was  calibrated  prior  to  each  series of tes t  
runs  by  use of an  acoustical  calibrator  with known sound pressure  level.  
A lOOO-Hz, 90-db  sound pressure  level  signal  was  recorded  on  each of 
the  four  channels.  This  information,  along  with  recorded  data on ampli- 
f ier  and tape  recorder  gain  settings,  allowed  the  determination of the 
absolute  sound  levels  during  later  tape  analysis, 

Coordination of both  jet and acoustical  instrumentation  was  achieved 
through  the  operator's  visual  observation of signal  lights.  These  signals 
were  connected  to  jet  control  and  foam  signal  switching  located  on  the 
test  stand. 
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4.1.3.1  Jet  and  Foam  Flow 
Parameter  Measurements 

Figure 4- 10 

Block  Diagram of Recording 
Instrumentation 

The  flow  rate on nitrogen  was 
measured  by  recording  the  pressure 
and  temperature  at  the  entrance  to 
a venturi  operated  under  choked flow 
conditions.  The  venturi  was  cali- 
brated  against a flowmeter  between 
6.89 x lo5  to 2 7 . 6  x i 0 5 ' N / m 2  
(100 psia and 400 psia) and a con- 
traction  coefficient K = 0. 924 was 
obtained.  The  accuracy of the  flow 
measurements  is  approximately 
*1 percent. 

The temperatures  measured 
in  the  plenum  chamber  were  close 
to OOC. The  temperature  drop 
between  the  gas  storage  cylinders 
and  the  plenum  chamber  reflects 
the  deviation of high  pressure 
nitrogen  from a perfect  gas  law. 
[Note that a pressure  dr.op at  con- 
stant  enthalpy  from 160 atm (2360 

psi$ and %OO°K (27OC) to 3 a tm (44 psia)  results in a temperature  drop to 
275 K (+2 C )  (Reference  55).] 

Thrust  measurements  were  checked  against  thrust  values  calculated 
f r o m  flow  rate  and  calculated  jet  velocity  (Reference  56) 

F = & V  jet  + - Patm) *jet 

F o r  low thrust  levels,  the  measured  values  were  too  low  by  as  much  as 
2 lbf (8. 9 N)  at 30 lbf (133.5 N )  but  were  correct  for  thrust   levels on the 
order  of 43 lbf (191 N) or  more.  Heavy  gas  and  foam  supply  lines  probably 
caused  this  error.  Uncorrected  measured  values  are  given  in  Table 4-1", 
(Section 4.2)  because  the  increase  in  thrust  caused  by  foam  injection is  of 
more  interest  in  these  tests  than  the  thrust  itself.  This  thrust  increase 
reflects  the  momentum of the  injected  foam,  verifying  the  concept as a 
no-loss  system. 

Foam  flow  rates  were  not  measured  during  the  tests.  The  liquid 
flow rates  indicated  in  Table 4- 1 were  obtained by recording  the  liquid 
supply  pressure  and  establishing a liquid  flow  rate  versus  pressure  curve 
in a separate  run. 
.b 
I,. 

Table  4-1  is  at  the end of Section 4. All figures  containing  test  results 
are  located  immediately  before  the  table and  the  figure  numbers  are 
given  in  the  table. 
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Figure 4- 11 

Block Diag ram of Data  Analysis 
Instrumentation 

4. 1.3.2  Acoustical  Measurements 

Sound pres  sure  levels at the 
four  microphones  were  recorded 
on tape.  The  tape  analysis  system 
i s  shown  in Figure 4- 11. The 
recorded  runs  were  analyzed  in 
1/3  octave  bands  ranging  from 
400 Hz to 10 kHz. The  calibrated 
attenuator  show.  is   used  to  insert  
system  frequency  response  cor- 
rections  during  analysis.  The  1/3 
octave  frequency  information  for 
each of the  test  runs  was  recorded 
on a graphic  level  recorder with 
sound pressure  levels and noise 
reductions  read  directly and  tabu- 
lated. A l l  noise  levels  were 
read  from  the  charts  during  the 
stable  portion of the  test  run. 
Typically,  the  pure  jet and the 
je t  with foam  required 5 to 10 sec- 
onds  to  stabilize  to a relativelv 

constant  level.  For a few  runs  the  stabilization  was  not  ideal  and a 
best  judgment of the  levels  was  made. 

The  perceived  noise  level  for the  complex  sound as  defined  in  Ref- 
erence 57, was  then  determined by the following  formula  (Reference 58): 

N T  = 0.85 Nmax + 0.15 C N  

where 

NT = total  noisiness  in  Noys, 

Nmax = number of Noys  in  the  noisiest  band 

C N  = sum of the  noisiness  in all the  bands 

Upon the  determination of NT, for  each run with  and  without  foam,  the 
computer  consulted  the Noy tables at 1000 Hz and  printed  out  the  cor- 
responding  PNdB  levels. 

4.2 TEST MATRIX 

A total of 65 tests  were  made. The  data  from  some of these  were 
not  reduced  for  various  reasons:  some  were  duplicate  runs  to  check  out 
good functioning of instruments:  one  test  was  spoiled  by  airplane  noise 
interference;  and  there  were a few  runs  with  faulty  test  sequence,  The 
data  for 51 tests  were  reduced; 40 of these  were  chosen  for  presentation 
in  this  report as shown in  Table 4. 1. The  data  for all of the  tests  are 
submitted  separately. 
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4.3 CHOICE OF  TEST CONDITIONS 

The  test  program  was  exploratory  rather  than  exhaustive.  Test 
conditions  were  chosen  to  clarify  under  what  flow  conditions  foam  injection 
was  effective  in  reducing  sound  emission  levels,  to  see if  the  choice of 
foaming  agent and concentration  was  important  or  just  the flow rate,  
to  see if  the  foaming  injector  geometry  had a large  influence,  etc.  The 
large  number of variables  having a possible  influence  on  sound  reduction 
and  the  fact  that  accurate  noise  reduction  measurements  were  not  avail- 
able  during  the  test,  combined  with  limitations  in  time  and  compressed 
nitrogen  gas  supply,  made a more  systematic  approach  impractical. 

In retrospect,  many  variations on the  tests  were  possible.  However, 
the  tests  performed  did  show  the  relative  importance of the  main 
parameters .  

4.4  TEST RESULTS 

4.4. 1 Noise  Generation  in  Gas  Jets 

The  sound  generated  by  the  jet  issuing  from  the  convergent  nozzle 
was  quite  reproducible  in  the  narrow  range of plenum  pressures  tested 
(Table  4-1  and  Figures  4-12  through  4-32).  The  perceived  noise  was 
123 *1 PNdB. At this  level of sound  only  limited  +eduction could be 
achieved  through  foam  injection;  hence  only a few  tests  were  conducted, 
all of them  with  sonic flow at  nozzle  exit. 

The  sound  generated  by  the  convergent-divergent  nozzle  jets 
varied  considerably  with  plenum  chamber  pressures (1 12 to  129  PNdB). 
The  design  Mach  number of the  nozzle  was  1.67  (throat-to-exit  area 
ratio  0.763),  corresponding  to a plenum  pressure Po = 4.8 x lo5 N / m 2  
(69.5  psia).  For low chamber  pressures  (Po = 1.85 x lo5  to  2.14 N / m 2  
o r  27-31  psia) a normal  shock  wave  formed  inside  the  nozzle so that  the 
jet  back  pressure  was  equal  to  atmospheric  pressure and the sound level 
was low  (about 112 PNdB). Fo r  high  plenum  pressures (4. 1 to  4.8 x l o 5  
N / m 2  o r  60-69 psia)  exit   pressure  again  nearly  matched  the  back  pres- 
sure  (runs #20, 28 and 1 6 ) ;  the  sound emission  level was 125 to 126  PNdB. 
For  intermediate  flow  regimes,  for  which  the  exit  pressure  was  much 
lower  than  atmospheric,  the  sound  emission  was  more  intense  and  less 
reproducible. The erratic  appearance of a high  intensity,  hi h frequency 
tone  can  be  detected  for  plenum  pressures  between 2. 97 x l o g  and 
3.72 x 105N/m2  (43 and 54 psia). Tests #59 and #60 (runs # 5 9  and 60 
and Figures  4-19 and 4 -20)  were  made  under  conditions  as  identical as 
possible.  Neverless,  there  is a difference of 4. 5 db at 6. 3 kHz on  the 
45 degree  microphone. ( T h e  PNdB rating  was  the  same  because  the 
differences  compensated  each  other).  Comparison  with f f 4 3  (run  #43, 
Figure 4-18)  with identical flow rate  shows a lower  sound  intens- 
ity  throughout  the  frequency  range.  Similar  lack of sound-repro- 
ducibility  may  be  noted  for  plenum  pressures of 3.38 x l o 5  and  3.72 
x lo5 N / m 2  (49  and  54 psia).  The  erratic  nature of some of the  high 



frequency  emissions is probably  caused by  the  sound  source,  i.  e., an 
overexpanded  jet  with a shock  wave  structure at the  exit of the  nozzle. 
Shock  wave configurations are generally  not  very  reproducible;  small 
changes  in  flow  rate  or  the  manner  in  which a stable  flow  rate  was 
reached  may  result  in  significant  changes  in  flow  patterns. 

The  PNdB  noise  level  scale  amplifies  the  importance of the  noise 
emission at the  frequency of maximum  noise  level (as does  the  human 
ear),  thus  exaggerating  the  influence of the  erratic  pure  tone  contribution. 
An illustration of the  erratic  nature of pure  tone  generation  can  be found 
in  runs #32  and #33  (Figures 4 - 2 4  and 4 - 2 5 ) .  Jet  and  foam  flow  conditions 
a r e  the same in both  runs,  although a 108 db  peak at 5000 Hz appears on 
the  jet  without  foam  in  run # 3 3 ,  the  maximum  emission  on # 3 2  is 106  db. 
The  sound  level  curves  on  both  runs  are  nearly  identical  and  the  noise 
reduction  curves APNdB on both  runs  indicate  that  there  was a pure  tone 
.contribution at 5000 Hz at all other  microphone  locations, i. e. , the  lack 
of a peak  at  4 5  degrees on the #32 run  was  anamolous.  It is therefore 
particularly  important  to  realize  that  the  sound  level  reproducibility is  
limited  and  to  compare  sound  emissions  curves  with and  without  foam 
injection  for  each  run. 

4. 4. 2 ~ Sound -. -. Reduction . - - - - Cause-d~by  Foam  Injection 
~ ~ _ _ _ _ _ _ ~  

When foam  was  injected  into  the  nitrogen  jet,  the  preceived  noise 
level  was  decreased  in all cases.  The decrease was highest  for  high 
noise  emission  levels and for  high  frequencies.  This  finding  is  in  agree- 
ment  with  the  hypothesis  that  foam  acts  as a resonating  energy  absorber 
whose  absorption  capability is  most  pronounced  in  the  audible  high  fre- 
quency  range  (1  to  10  kHz).  Foam  injection  flattens  the  sound  level 
versus  frequency  curves,  obliterating  any  pure  tone  components ( F i g -  
u re s  4-19, 4-20,  4-22,  and  4-26). 

Observations  made  during  the  tests  and  the  acoustic  data  indicate 
that  foam  injected  into  the  jet  effects  noise  reduction  in  several  ways. 
Injected  foam  was  broken  into  flakes of up  to -1 / 4  inch i n  diameter and 
the  flakes  were  blown 3 0  o r  40 feet  by  the  jet.  These  flakes  absorbed 
sound  energy  by  resonance  in  the  foam  or  served as scatterers,   hence,  
the  more  effective  absorption of high  frequency  sounds.  The  increase of 
low frequency  sound  emission  in  directions  close  to  the  jet  axis,  however, 
indicates  that  the  ingestion of foam  also  influences  the  structure of the 
turbulence  in  the  mixing  region of the  jet. 

Ribner  (Reference 59)  has  shown  that  the  directivity of jet  noise 
is governed  by a factor  accounting  for  eddy  convection  and  for  sound 
refraction  by  velocity  gradients: 

where e is the  direction  angle  with  the  jet axis, Mc the  eddy  convection 
Mach number  and tu a factor  inversely  proportional  to  the  lifetime of an 
eddy.  The  lifetime of an  eddy is short:  hot  wire  studies  show  that  an 
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eddy  in a jet  is  convected  about  three  times its length  before  decaying. 
The  ingestion of relatively  heavy  foam  particles  may  well  reduce  the  eddy 
life  and  change  the  polar  distribution of sound. 

Polar  diagrams of the  sound  levels  with  and  without  foam  injection 
a r e  shown  in  Figures 4-33 and 4-34.  These  diagrams  are a composite 
of runs # 5 9  and # 6 0  in  which  the  four  microphones-were  located 
22.5, 30, 3 7 . 5  and 45 degrees  and 45,   52 .5 ,  60 and 6 7 . 5  degrees,  
respectively  (Figure 4-8). Five  frequencies  are  shown on the  polar  dia- 
grams.  Foam  injection  reduced  high  frequency  sound  at  all  polar  locations; 
at  low  frequencies  the  sound  level  was  increased  near  the  axis  while it 
decreased  somewhat at angles  above 45 degrees.  

A third  possible  type of noise  reduction  e.  g.,  by  attentuation of 
sound  transmitted  through  an  envelope of foam  surrounding  part of the 
sound-emitting  zone of the  jet,  was  not  detected.  The  3.1-inch  diameter 
foam  injector  produced  an  approximately  3-inch  long  foam  sleeve  around 
the  jet. A photograph of the  foam  surrounded  jet,  Figure 4-5, clearly 
shows  the  inward  flow of foam,  followed  by  foam  backup.  Thus,  nearly 
one-half of the  jet  mixing  region  in  which  most of the  noise  was  generated 
was  enclosed  in a foam  sleeve.  For  smaller  foam  injector  diameters 
the  breakup of foam  started  quite  close  to  the  injector  face  as shown  in 
Figure 4-6. Despite  this  difference,  all  foam  injectors  effected  similar 
jet  noise  reduction  levels, It may,  therefore,  be  concluded  that  the  foam 
does  not  act  as a muffler and that  only  the  ingested  foam  is  effective. 

The  nitrogen  gas  jet  was  quite  cold,  near  the  freezing  point of 
water  upstream of the  nozzle  and  close  to -900F (206%) at  the  exit  for 
the  supersonic  jet.  Local  foam  freezing  may  have  occurred  in  the  jet 
mixing  region  at  the  interface  between  foam and gas,  where  the  major 
noise  generation  occurs. (No overt  evidence of freezing  was found. ) 
It  is  anticipated  that, if  freezing  did  occur,  the  response of the  foam 
bubble  matrix would be  impared. In  addition  the  shear  structure of the 
mixing  region would probably  be  affected  differently  since  solid  foams 
would  not  have  the  compliance of liquid  foams.  The  overall  absorption 
capability of the  foam would be  reduced,  assuming  the  foam  to  act  as a 
compressible,  dissipating  absorber. In a hot  jet  the  problem  is  not 
present. In addition,  vaporization is expected  to  occur  and  add  an  addi- 
tional  mode  for  energy  absorption.  Tests  are  required  to  confirm  this 
conjecture. 

Jets  issuing  from  the  convergent  nozzle  were  subsonic  with  respect 
to  the  atmospheric  speed of sound,  but  the  jet  velocity  was  supersonic 
compared  to  the  speed of sound  in  the  cold  nitrogen. The s t ructure  of 
these  jets  was  different  from  hot  subsonic  jets  with  regard  to  turbulence 
and  the  possible  presence of shock  waves.  The  cold  supersonic  jets 
also  have a structure  different  from  that of hot supersonic  jets.  Thus, 
experimentation  with  hot  jets  is  needed  to  extend  the  cold  jet  test  results. 

The  frequency  distribution of the  sound  emitted  by  jets  is known to 
be  influenced  by  the  jet  diameter. A shift of intensity  to  lower  frequencies 
i s  found as  the  jet  diameter  increases.  Thus,  foams  having  better  absorp- 
tion  properties  for  lower  frequencies  need  to  be  investigated. 
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4.4.3  Influence of Foam  Characterist ics 

Two foaming  agents 3 percent  Regular  Protein  and High  Expansion 
were  tested.  The  Protein  foam  was  tested  at two concentrations -3 per- 
cent  and 10  percent-and  the.High  Expansion  foam  was  tested at 6 percent. 
The  expansion  ratio  could  not  be  measured  accurately  because  the  foam 
injection  velocity  was so high a s  to  make  sample  collection  for  weighing 
difficult,  however, a few  samples  were  weighed.  The  gas  flow  rate  was 
adjusted  to  obtain  as  light a foam as possible  without  slug'flow. It was 
estimated  that  the  expansion  ratio of the 6 percent  concentration High 
Expansion  foam  was  15  to 17 while  that of the  protein  base  foams  was 
20 to 30.  The  sound emission of a jet  with  foam  injection  was  quite 
independent of the  type of foam  iniected.  For  instance  the  curves  for 
#11, #12 and #5 (Figures  4-12,4-13  and  4-16)  were  all  similar. 
though  Protein  foam at two concentrations  and a  High  Expansion  foam  were 
injected. No difference  in  noise  level  reduction  because of foam  type  could 
be  detected  in  the  supprsonic  jet  experiments  (compare  #29,32 and  33; 
Figures  4-21,  4-24, and  4-25). 

Foam flow rate  was  lowered  from a high  value,  corresponding  to 
a liquid  flow  rate  approximately 0.370 kg/sec  (0.83  lbm/sec),  until 
a decrease in  effectiveness  was  noted.  Generally,  there  was no differ- 
ence  between  flow  rates of 0.370  to  0.315  kg/sec,  but a decrease of 
effectiveness  occurred when  the  flow rate  was  dropped  to 0.300 kg/sec 
(see  #3,  #4  and # 5  for  subsonic  jets  and  #42,  #43,  and  #44,  #31 and #32 
for  supersonic  jets). 

4.4.4 &fl_uegce - ." ~ - ~~ of Foam-Injector " " Diameter and  Gap Sizes 

Four  injector  configurations  were  evaluated: 

1.5  inch (0. 0381 m) diameter, 0.050 (0. 00127 m) inch  gap 

2.25  inch  (0.0572 m) diameter, 0.050 (0. 00127 m) inch  gap 

1. 5 inch (0. 0381 m) diameter, 0. 100 (0. 00254 m) inch  gap 

3.  1 inch  (0.0788 m) diameter, 0. 050 (0.00327 m) inch  gap 

Comparing  #24, #19, #22 and  #41 (Po = 54 psia) ,   i t  is found  that 
the  preceived  noise  level  reduction  was 6 to 6. 5 PNdB  for all of the  runs. 
The  weak  influence of foam  injector  configuration of foam flow rate  
strengthens  the  hypothesis  that.the  foam  ingested  in  the  form of flakes 
into  the  mixing  region of the  jet,  absorbs  sound by resonance.  The 
injector  design  and  the  injection  velocity  must  only be adequate  to  dis- 
tribute  the  foam  in  that  region. 

4.4. 5 Experiments  with a Foam Lined  Exit  Manifold 

A rigid  exit  manifold  was  also  tried  in  conjunction  with  the  con- 
vergent-divergent  jet  nozzle and the  3.1-inch (0.  0787 m) diameter  foam 
injector.  The  effect of the exit  pipe  was  to  reduce  thrust  considerably 
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and  to  shift  to  slightly  higher  frequency'the  general  sound  level  curve; 
the  pure  tone  emission of the  jet  was  also  increased, thus increasing  the 
PNdB  levels.  Tests  #63  and  #64  (Figures  4-31  and 4-32) may  be  com- 
pared  to # 5 9  and #60 (Figures  4-19  and 4-20). Foam  injection  flattened 
the  sound  level  curve,  decreasing the high  frequencies  and  increasing 
the low frequencies.  The  frequency  shift  was  more  pronounced  in tests 
with  the  pipe  than  tests  without  the  pipe,  and  the  PNdB  reduction  was 
somewhat  lower, 6 PNdB  compared  to 10  PNdB. 

4.5 SUMMARY O F  MODEL JET TESTS 

Conclusions  drawn  from  the  1-inch  diameter  cold  nitrogen  tests 
a r e  

0 

0 

0 

0 

Foam  injection  results  in a perceived  noise  level  reduction 
in all directions. 

The  higher  the  noise  level,  the  greater  the  noise  reduction. 

The effects  are  most  pronounced  at  the  high  frequencies. 

Noise  reduction  increases  with  foam  flow  rate  but  the 
reduction  becomes  constant when a  sufficient  flow  rate 
is reached. 

Directivity of sound  emission  is  affected  by  foam  injection. 
High  frequency  sounds  are  attenuated  in  all  directions, 
although  in  some  instances  low  frequency  sound  emission is 
increased  in  the  direction of small  angles  with  the  jet axis. 

Foaming  agent  type and its concentration  in  the  foaming 
solution  have  no  detectable  influence. 

The  diameter of the  annular  foam  injector  had little 
influence  in  the  range of diameters  tested. 
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Convergent  Divergent  Nozzle 
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Figure 4-33. Polar  Plot Sound Level Results  for  Runs 59 and 60, 
With  and  Without  Foam, 0 .  4, 1. 0 ,  and 10 kHz 

Figure 4-34. Polar  Plot Sound Level Results for  Runs 59 and 60, 
With and  Without  Foam, 1 . 6  and 5 . 0  kHz 
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Table 4-1. Model Gas Jet   Noise  Reduction  Tests  

Rur Foam Jet Noise 

R~~ 

1bF (Ukg-rl- (6900psi J e t /  # 
F i g  Liquid Concen- Agent Injector Thrust Gas Po aeduction Level 

PNdB psia D ~ ~ . / G ~ ~  Jet /Jet  + Foam kg- / sec  tration Flow 

Jet  + Foam Inches (4.45 lbf-N) lbs/sec.)  qq/& z W s e c  

CONVERGENT NOZZLE, JET  VELOCITY - 300 d s e c .  

11 122.6/119.d 3.4  38  .352 
12 122.11118.8 3.3  39  .347 
3  122.41119.7 2.7 40 .347 

4  122.81119.4 3.4 40 .356 
5 123.2/119.3 3.9 41 .362 

6 123.51119.4 4.1 42 .365 
7  122.51119.4  3.1 42 .365 
9 (Max.-66dB) Foam OnlL 

(985 f t l s e c )  
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5 .  CONCLUDING REMARKS 

The  results of this f i r e t  exploratory  effort  to  determine  the 
potential of liquid  foams as a eound attenuation  material   are  very 
encouraging.  The  program  objectives  have  been  met  in  the  investigation 
described in this  report.  A  basic  understanding of the  mechanisms of 
sound  absorption  in  liquid  foams  has  been  reached both from  the  experi- 
mental  phase  and  from  the  analytical  model  building  effort. 

Liquid  foams  have  been  shown  to  possess  excellent  fundamental 
sound  absorbing  characteristics.  Further  experimental  and  analytical 
work is needed  to  extend  this  work to flow  conditions  more  realistically 
representative of future  applications  and  to  acquire  sufficient  insight 
into  the  sound  propagation  and  absorption  phenomena  in  foams. 

In  particular,  methods  more  nearly  adapted  to  the  transient  nature 
of liquid  foam  structures  must  be  developed  to  obtain  accurate  measure- 
ments of their  acoustic  properties. Work is needed  to  fully  understand 
the  response of liquid  foam  structures  to  sound  waves.  There will be a 
possibility of producing  foams  having  the  desired  properties  for a given 
application when the  influence of the  many  features of foam  structures, 
such as bubble size  dietribution,  liquid film thickness,  surface  tension 
and  surface  viscosity,  etc., on the  acoustic  behavior of foams is under- 
stood.  It is noted  here  that no surface  chemistry  work  has  been done so 
far. Existing  fire-fighting  foaming  agents  have  been  utilized  without 
modification,  though  lighter  and  more  shear-resistant  foams  were 
produced  through a modification of the  foam  generators. 

Jet  noise  abatement  measurements  should  be  made on la rger  and 
much  hotter  jets.  The  resulting  low  temperatures  in  the  small  cold  jet 
experiments  had  the  two-fold  effect of presenting  a  totally  different  gas 
flow structure  in  the  mixing  region of the  jet  and of potentially  freezing 
at  least par t  of the  ingested  foam.  Freezing would result  in  a  definite 
deterioration of the  compliance,  and  therefore of the  sound  absorption 
capability, of the  foam. On the  other  hand  foam  destruction  through 
bubble  collapse  and  liquid  evaporation  in a hot  jet will have  unpredictable 
effects on noise  abatement.  Early  foam  destruction  may  be  deleterioug 
but evaporation,  absorbing  energy  as it does, m a y  increase sound 
absorption. 
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